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1.  SUMMARY 


1.1  OBJECTIVES 

The  primary  objectives  of  this  superconducting  research  effort  are: 

(1)  to  understand  the  nature  of  the  resistive  and  magnetic  transitions  observed  near  room- 
temperature, 

(2)  to  identify  the  material  conditions  responsible  for  these  transitions,  and 

(3)  to  improve  the  material  characteristics  as  well  as  its  properties. 

In  addition  to  these  objectives,  studies  of  the  Josephson-like  properties  of  the  oxide 
superconductors  including  microwave  and  rf  radiation  effects  as  well  as  unusual  magnetic 
phenomena  have  been  pursued.  The  status  on  attaining  these  objectives  is  presented  in  the 
next  section. 

1.2  HIGHLIGHTS 

Although  this  report  describes  in  more  detail  our  superconductivity  research  on  materials 
responsible  for  the  above  200-K  superconducting  transitions,  their  synthesis  conditions, 
and  their  physical  properties,  we  highlight  some  of  the  more  important  results  in  this 
section. 

(i)  experimental  conditions  for  improving  the  probability  of  observing  zero  resistance 
transitions  in  YBaCuO  samples  near  room- temperature 

-  measuring  environment  of  2  to  10  atms  of  O2  gas  pressure 

-  slow  cooling  to  minimize  flux  trapping  effects 

-  less  than  microampere  measuring  currents,  preferably  dc  current 

(ii)  observation  of  resistance  transitions  above  200  K 

-  several  ceramic  samples  of  nominal  5:6:11  YBaCuO  composition  exhibited 
transitions  in  the  260  K  to  300  K  temperature  range 

-  six  nominal  YBa2Cu307-5  crystals  exhibited  transitions  around  280  K  and 
340  K 


(iii)  magnetic  characterization  of  flux-trapping  hysteresis  behavior  near  room-temperature 

-  zero-field-cooled  magnetization  (ZFCM)  is  more  diamagnetic  than  the  field- 
cooled-magnetization  (FCM) 

-  the  difference  between  the  FCM  and  ZFCM  decreases  with  increasing  magnetic 
field  strength  with  the  ZFCM/H  data  approaching  the  FCM/H  data 

(iv)  reproducible  flux-trapping  phenomena  at  336  K  in  multiphase  YBaCuO  ceramic 
samples 

-  magnetic  characterizations  suggest  transitions  are  superconducting  in  nature 

-  systematic  DTA/TG  studies  indicate  required  synthesis  conditions 
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2.  INTRODUCTION 

With  the  reports  of  certain  lanthanum  copper  oxides  being  superconducting  above  30  K 
by  Bednorz  and  Muller  in  1986,[1]  a  revival  of  superconductivity  research  was 
forthcoming  with  discovering  higher  Tc  materials  being  a  real  possibility.  By  February 
1987,  Wu  et  al.  [2]  reported  that  a  multi-phase  YBaCuO  compound  exhibited 
superconducting  properties  above  liquid  nitrogen's  boiling  point  of  77  K.  Other 
researchers  were  soon  able  to  reproduce  these  experimental  results  and  determine  the 
superconducting  phase  to  be  YBa2Cu307-§  (8<0.5)  with  a  Tc  of  93  K.[3,4]  The 
onslaught  of  research  that  followed  was  permitted  in  part  by  the  ease  of  synthesizing  the 
ceramic  samples  of  these  oxides  under  normal  atmospheric  conditions  by  a  solid  state 
reaction  technique.  Within  the  year  both  Bi2Sr2Cai+nCu2+n0  8-i-2n  and 
Tl2Ba2Cai+nCu2-i-n08-i-2n  (n=0,l,2)  were  found  to  exhibit  superconducting  properties 
with  Tl2Ba2Ca2Cu30i2  having  a  Tc  of  128  K.[5]  This  material  remained  as  the  highest 
Tc  superconductor  until  the  summer  of  1993  when  HgBaCaCuO  compounds  having  a  135- 
K  critical  temperature  were  discovered.  [6,7]  One  of  the  reasons  for  the  lengthy  time 
interval  before  the  HgBaCaCuO  compound  was  discovered  was  the  increased  complexity 
required  in  the  synthesis  of  the  material.  In  order  to  attain  the  correct  perovskite  structure, 
HgBaCaCuO  compounds  must  be  synthesized  under  5  GPa  of  pressure  at  950°C  followed 
by  an  oxygen  anneal.  In  addition  to  these  superconductors,  there  are  currently  several 
other  different  families  of  oxide  superconductors  having  the  defect  perovskite  structure. 

These  aforementioned  materials  have  satisfied  the  following  criteria  for  being  classified 
as  superconducting  materials: 

(i)  the  disappearance  of  resistance  at  Tc 

(ii)  the  appearance  of  a  Meissner  (diamagnetic)  response  at  Tc 

(iii)  a  well-established  characterization  of  the  crystalline  structure  associated  with 
the  superconducting  phase 

(iv)  reproducible  properties  and  synthesis  conditions  performed  at  other 
laboratories. 

Thus  materials  having  satisfied  these  criteria  are  widely  accepted  as  being  bulk 
superconductors.  Nevertheless,  there  have  been  numerous  reports  and  publications  of 
sharp  resistive  transitions[8-15]  and  other  superconducting-like  phenomena[16-19]  at  much 
higher  temperatures,  even  approaching  room  temperature.  Unfortunately  these  higher- 
temperature  phenomena  were  one-  or  two-time  occurrences  as  they  had  an  inability  to 


survive  repeated  thermal  cyclings  through  their  transition  temperatures.  In  1989,  we 
observed  zero-resistance  states  with  transition  temperatures  above  200  K  in  multi-phase 
YBaCuO  materials  maintained  in  an  oxygen  atmosphere. [13, 14]  Using  a  multiple-lead 
arrangement,  resistance  and  current- voltage  (I-V)  measurements  were  performed  on  multi¬ 
phase  Y5Ba6CuiiOx  ceramic  samples.  The  results  for  several  samples  showed  zero- 
resistance  Tc's  in  the  temperature  range  of  235  K  to  250  K  for  various  electrical  paths  that 
withstood  repeated  thermal  cycles.  In  addition,  the  resistance  of  the  sample  was  found  to 
decrease  with  each  of  the  first  three  thermal  cycles.  Furthermore,  the  resistive  drops  along 
preferential  directions  indicated  that  several  possible  superconducting  phases  might  be 
present  in  this  sample.  Thus  these  results  strongly  suggested  the  existence  of  higher-Tc 
phases  in  these  materials  and  not  simply  some  experimental  artifact.  However,  the  nature 
of  these  transitions  was  still  somewhat  uncertain  since  subsequent  investigations  on  these 
oxide  materials  had  not  always  shown  similar  resistive  transitions  nor  exhibited  bulk-like 
characteristic  properties  associated  with  superconducting  transitions,  e.g.,  a  diamagnetic 
response  in  the  magnetization.  Thus  the  present  AFOSR  program  entitled  "Investigations 
of  YBaCuO  Superconducting  Materials  with  Tc  above  200  K"  focuses  on  a  study  of  these 
near-room-temperature  phenomena  in  order: 

(1)  to  understand  the  nature  of  the  resistive  and  magnetic  transitions  observed  near  room- 
temperature, 

(2)  to  identify  the  material  conditions  responsible  for  these  transitions,  and 

(3)  to  improve  the  material  characteristics  as  well  as  its  properties. 

In  addition  to  these  objectives,  studies  of  the  Josephson-like  properties  of  the  oxide 
superconductors  including  microwave  and  rf  radiation  effects  as  well  as  unusual  magnetic 
phenomena  have  been  pursued.  In  the  next  sections,  we  review  the  status  of  this  research 
over  the  past  40  months  as  weU  as  our  present  understanding  of  the  remaining  problems. 


3.  STUDIES  ON  CERAMIC  MULTI-PHASE  YBaCuO  SAMPLES 

In  our  studies,  one  critical  condition  for  observing  and  reproducing  a  zero-resistance 
transition  having  a  Tc  above  200  K  is  to  keep  the  specimen  in  an  O2  environment 
continuously  during  the  electrical  measurements  as  it  is  thermally  cycled  through  the 
transition  temperature.  However  in  other  experiments,  such  as  microwave  and 
magnetization  measurements,  anomalous  high-Tc  phenomena  can  be  observed  even  when 
the  specimens  are  not  kept  in  an  oxygen  environment.  One  possible  explanation  for  these 
different  experimental  observation  conditions  is  that  diffusion  of  oxygen  molecules  into  a 
solid  at  room  temperature  is  limited.  Thus  this  process  results  in  only  the  material  near  the 
surfaces  of  grains  being  affected  by  the  oxygen  diffusion  and  the  formation  of  the  higher- 
Tc  material.  In  the  microwave  and  magnetization  measurements,  disconnected  granular 
shells  can  still  contribute  to  an  observable  signal  even  though  flux  trapping  can  dominate 
the  magnetization  response.  However,  the  observation  of  zero-resistance  requires  a 
continuous  path  of  these  "good"  surfaces,  i.e.,  good  connectivity  between  the  granular 
shells  of  the  higher-Tc  material.  In  order  to  determine  the  effect  of  low-temperamre  oxygen 
diffusion  on  the  granular  YBaCuO  materials,  the  resistance  of  several  multi-phase 
Y5Ba6CuiiOy  ceramic  samples  were  monitored  over  time  while  continuously  being 
maintained  in  an  O2  gas  at  2  to  10  atms  of  pressure  and  temperatures  up  to  380  K. 
Typically,  the  resistance  of  the  samples  decreased  at  room  temperature  with  decreases  as 
large  as  an  order  of  magnitude.  Also  the  temperature  dependence  below  300  K  changes 
from  linear  to  a  concave  upwards  behavior,  a  clear  indication  of  a  material  change  caused 
by  the  low-temperature  oxidation.  (See  Fig.  3-1.)  This  oxidation  results  from  an  increase 
in  the  volume  fraction  of  the  higher-Tc  superconducting  phase  and  an  increase  in  the 
conductivity  of  the  intergranular  regions,  both  contributing  to  overall  resistance  decrease. 
However  repeated  thermal  cyclings  can  also  have  a  deleterious  effect  on  the  intergranular 
coupling  as  the  thermal  expansion  and  contraction  between  grains  can  result  in  poorer 
mechanical  contact.  We  believe  this  later  effect  can  dominate  the  measured  resistance  in  the 
ceramic  YBaCuO  samples  and  prevents  electrical  measurements  from  showing  zero- 
resistance  transitions  more  frequently  in  these  samples. 

Even  though  there  is  difficulty  in  observing  zero-resistance  transitions  in  these  multi¬ 
phase  ceramic  samples,  indications  of  superconductivity  by  the  appearance  of  a  hysteretic 
behavior  between  the  zero-field-cooled-magnetization  (ZFCM)  and  the  field-cooled- 
magnetization  (FCM)  are  observed  more  frequently.  However  these  magnetic  results  are 


less  conclusive  for  a  superconducting  transition  since  a  truly  diamagnetic  response  below 
these  higher  transition  temperatures  has  not  been  observed  to  date.  During  this  same 
period,  one-third  (approximately  10  out  of  30)  of  the  nominal  YsBabCunOy  ceramic 
samples  measured  in  our  SQUID  magnetometer  exhibited  a  hysteretic  behavior  near  room 
temperatures.  This  hysteretic  behavior  is  typified  by  a  weak,  temperature-dependent 
divergence  of  the  ZFCM  from  the  more  paramagnetic-like  FCM.  (See  Fig.  3-2.)  The 
FCM  above  100  K  can  be  totally  accounted  for  by  adding  the  magnetic  contributions  from 
the  major  crystalline  phases  found  in  these  5:6:11  samples  (YBa2Cu307,  Y2BaCu05,  and 
CuO)  and  from  the  sample  holder.  Thus  any  differences  in  the  ZFCM  from  the  FCM  can 
be  attributed  to  other  minority  phases  in  the  sample,  including  higher-Tc  superconducting 
phases.  For  such  a  superconducting  phase  in  a  predominately  paramagnetic  host  material, 
one  would  expected  that  the  ZFCM  to  be  less  paramagnetic  than  the  FCM  since  a  small 
diamagnetic  response  would  be  generated  by  the  induced  shielding  currents  (flux 
exclusion)  when  the  magnetic  field  is  applied  after  cooling  below  Tc  in  zero  field.  For 
larger  magnetic  fields,  one  would  expect  the  zero-field-cooled  susceptibility  ZFCM/H  to  be 
less  diamagnetic  and  approach  the  FCM/H  data  as  shown  in  Fig.  3-3.  Likewise  no 
detection  of  the  superconducting  transition  in  the  FCM  measurements  would  be  expected 
since  flux  trapping  in  these  thin  and  probably  discontinuous  superconducting  granular 
surfaces  would  cancel  the  diamagnetic  shielding  contribution.  (Further  detailed  information 
about  the  magnetization  studies  on  ceramic  YBaCuO  samples  can  be  found  in  our  paper,  /. 
of  Supercond.  7,  715  (1994)  and  in  Appendix  A.) 

One  of  these  ceramic  Y5Ba6CuiiOy  samples  after  a  lengthy  high-pressure  oxygen 
anneal  (over  10  atm  O2  for  nearly  one  month  at  100°C)  exhibited  a  more  distinctive, 
superconducting-like  transition  at  310  K  for  two  different  magnetic  fields  as  shown  in  Fig. 
3-4.  The  ZFCM  deviates  from  the  paramagnetic-like  FCM  over  a  10-K  temperature  range 
and  maintains  a  nearly  constant  diamagnetic  difference  from  the  FCM  at  lower 
temperatures,  as  if  the  ZFCM  response  simply  consists  of  a  diamagnetic  response  from  a 
small  "bulk-like"  superconductor  and  a  paramagnetic  response  from  a  much  larger  non¬ 
superconducting  material.  In  addition,  there  are  discontinuities  Gumps)  in  the  ZFCM  data 
in  the  temperature  range  between  270  K  and  290  K.  These  discontinuities  always  tend  to 
go  from  a  more  diamagnetic  response  at  lower  temperatures  to  a  more  positive  response  at 
higher  temperatures,  very  reminiscent  to  flux  jumps  observed  in  some  inhomogeneous 
superconducting  materials. 


Probably  the  most  exemplary  data  of  a  Meissner  effect  near  room-temperature  in  a  multi¬ 
phase  Y5Ba6Cui  lOy  sample  is  shown  in  Fig.  3-5.  This  sample  was  annealed  in  130  atm 
of  O2  at  100°C  for  nearly  6  days.  The  ZFCM  clearly  indicates  a  strong  diamagnetic 
deviation  at  90  K  associated  with  the  YBa2Cu307  superconducting  phase  as  well  as  a 
diamagnetic  deviation  below  310  K.  Flux  trapping  between  the  FCM  and  the  ZFCM  also 
begins  at  310  K  and  increases  even  further  below  the  90-K  superconducting  transition. 
The  strong  similarity  in  the  magnetization  data  at  90  K  and  310  K  suggest  that  the  310-K 
transition  is  also  superconducting  in  nature,  even  though  resistive  measurements  on  the 
same  sample  were  inconclusive.  Nevertheless,  less  dramatic  magnetic  hystereses  have 
been  observed  on  several  other  pieces  cut  from  the  same  pellet  as  those  samples  exhibiting 
zero-resistance  in  the  same  temperature  range.  In  addition,  high-resolution  transmission 
electron  microscopy  (HRTEM)  studies  at  AT&T  on  a  different  Y5Ba6CuiiOy  sample  that 
had  exhibited  zero  resistance  in  the  vicinity  of  250  K  indicated  numerous  defect  structures 
near  the  surfaces  of  the  YBa2Cu307.8  grains,  as  shown  in  Fig.  3-6.  Viewing  along  the  c 
-axis,  one  observes  a  wavy  (modulated)  defect  structure  in  one  grain  which  suggests  that 
possibly  Ba  or  Y  substitutes  for  Cu  in  the  Cu02  planes  or  possibly  a  missing  Y  ion 
between  the  Cu02  planes.  This  provides  additional  support  for  the  speculation  that  the 
superconductivity  above  200  K  is  related  to  an  unusual  surface  defect  region. 

In  summary,  the  aforementioned  electrical  and  magnetic  features  near  room  temperature 
are  consistent  with  superconducting  transitions  in  multi-phase  samples  where  the 
nonsuperconducting  regions  dominate  the  overall  measured  responses.  These  properties 
are  consistent  with  thin  material  phases  that  reside  on  or  near  the  surfaces  of  the  1-2-3 
granules.  In  fact,  these  phases  may  be  the  result  of  an  interfacial  region  having  a  thickness 
of  10  to  lOOA.  This  thickness  would  result  in  very  small  critical  currents  and  thus  explain 
the  difficulty  in  observing  zero-resistance  transition.  Similarly,  this  thickness  would  be 
substantially  less  than  the  penetration  depth  and  correspondingly  suppress  the  diamagnetic 
response  in  the  magnetization  measurements.  Until  this  higher-Tc  superconducting  phase 
can  be  synthesized  in  a  greater  volume  fraction  in  these  ceramic  samples,  the  reproducibihty 
of  zero-resistance  transitions  and  clear  diamagnetic  transitions  will  be  quite  small.  A  more 
successful  approach  is  suggested  in  the  next  section  describing  our  work  on  nominal 
YBa2Cu307.5  single  crystal  samples. 


4.  STUDIES  ON  NOMINAL  YBa2Cu307.S  SINGLE  CRYSTAL  SAMPLES 

As  we  first  reported  in  1991,  we  have  observed  a  strong  anisotropic  behavior  in  the 
electrical  resistance  on  several  nominal  YBa2Cu307-5  single  crystal  samples  grown  in  our 
laboratory.  [15]  This  anisotropic  behavior  is  characterized  by  the  resistance  along  the  c 
-axis  exhibiting  a  semiconducting-like  temperature  dependence  until  90  K  where  the  well- 
known  superconducting  transition  of  the  1-2-3  superconducting  phase  occurs,  while  zero- 
resistance  transitions  are  observed  in  the  240  K  to  270  K  range  for  currents  along  the 
surfaces  {ab  -plane)  of  these  crystalline  samples.  (See  Fig.  4-1.)  By  using  various 
combinations  of  electrical  leads  and  contacts,  we  have  found  that  the  material  responsible 
for  these  near-room-temperature  transitions  is  probably  in  thin  layers  near  the  surface  and 
parallel  to  the  ab  -plane  of  the  crystals.  Measurements  of  the  current-voltage  (I-V) 
characteristics  as  a  function  of  temperature  and  magnetic  field  also  showed  that  the 
observed  transitions  are  consistent  with  weakly-connected  superconducting  filaments  and 
not  with  bulk  superconductors.  We  have  further  investigated  the  effects  of  the  microwave- 
induced  dc  voltage  and  found  them  to  be  consistent  with  the  inverse  ac  Josephson  effect, 
providing  additional  evidence  for  superconductivity  at  these  temperatures.  One  of  the 
samples  exhibiting  the  270-K  zero  resistance  was  subsequently  analyzed  using  HRTEM 
(C.H.  Chen  at  AT&T).  The  HRTEM  results  indicated  that  a  thin  layer  (~  1  |j,m  thick)  of 
defect  structures  existed  on  one  surface  of  the  crystal  followed  by  an  even  thinner  layer  (~ 
10  nm)  of  uniform  amorphous  material  separating  it  from  the  rest  of  the  sample  which  has 
the  YBa2Cu307  structure.  (See  Fig.  4-2.)  This  is  also  consistent  with  x-ray  diffraction 
results  showing  one  surface  of  the  single  crystal  to  be  c  -axis  oriented  YBa2Cu307  and  the 
other  surface  to  be  composed  of  highly  disordered  material  as  shown  in  Fig.  4-3.  By 
associating  this  structural  information  with  the  resistive  anisotropy,  we  attribute  the  270-K 
transition  to  this  defect-filled  surface  layer  and  the  90-K  transition  to  the  previously 
established  YBa2Cu307  structure.  Energy  dispersive  x-ray  spectroscopy  indicate  that  the 
surfaces  of  these  crystals  are  generally  deficient  in  Cu  concentration  when  compared  to  the 
expected  anion  1:2:3  ratio  for  the  YBa2Cu307  structure. 

Since  the  oxidation  studies  on  the  ceramic  YBaCuO  samples  indicate  surface  oxidation 
may  lead  to  the  observation  of  near-room-temperature  resistive  transitions,  we  have 
returned  to  performing  more  electrical  and  magnetic  measurements  on  nominal  single 
crystals  over  the  last  18  months.  Extensive  electrical  measurements  on  over  dozen  crystal 
samples  in  oxygen  pressures  as  high  as  10  atms  indicate  the  importance  of  maintaining  an 


02  environment  around  the  sample  during  the  measurements,  especially  if  reproducible 
resistive  transitions  are  to  be  observed  near  room  temperature.  Secondly,  extreme  care 
must  be  taken  while  cooling  the  sample  through  the  transition  region  as  flux  trapping  can 
occur  which  can  lower  the  Tc,  diminish  the  size  of  the  resistive  change,  or  even  eliminate 
the  observation  of  the  resistive  transition  as  the  higher  resistance  state  is  maintained.  The 
flux  trapping  cannot  only  occur  because  of  the  presence  of  stray  magnetic  fields  but  also  by 
self-fields  generated  by  external  bias  currents  or  thermal  emfs.  Consequently,  slow 
cooling  of  the  sample  through  the  transition  in  the  absence  of  any  current  is  the  preferred 
technique  for  performing  electrical  measurements. 

Of  these  samples  (from  three  batches  of  crystals),  six  measured  in  1  atm  of  O2  exhibited 
small  bumps  or  changes  in  slope  in  the  vicinity  of  280  K  which  indicate  some  electrical 
property  change;  however,  the  data  is  inconclusive  as  to  whether  these  features  can  be 
associated  with  a  superconducting  transition  or  not.  Three  other  samples  measured  in  10 
atm  of  O2  clearly  show  resistive  changes  in  the  vicinity  of  340  K  and  280  K.  The  resistive 
data  for  one  particular  sample  (#GY0026D-2)  can  be  fairly  weU  understood  in  terms  of  two 
superconducting  transition  temperatures.  The  340-K  transition  was  observable  in  the  plane 
of  the  crystalline  platelet  sample  and  only  during  the  warming  cycle  after  cooling  in  zero 
current.  (See  Fig.  4-4.)  A  high  resistive  state  of  approximately  2  can  easily  dominate 
the  lower-temperature  measured  resistive  features  if  a  bias  current  was  applied  before 
cooling  through  the  340-K  transition.  The  resistive  transition  at  280  K  showed  a  hysteretic 
behavior  with  a  lower  Tc  measured  during  the  cooling  cycle  and  a  larger  Tc  during  the 
warming  cycle  as  seen  in  Fig.  4-5.  These  features  are  very  analogous  to  the  hysteretic 
behavior  observed  in  a  weak-link  superconductor  or  a  conventional  Josephson  junction 
with  a  very  small  critical  current.  The  presence  of  a  bias  current  in  these  weak 
superconducting  junctions  creates  a  large  enough  self-field  to  lower  the  transition 
temperature  or  even  completely  suppress  the  transition.  Consequently  we  speculate  that 
both  of  these  transitions  are  superconducting  in  nature  even  though  the  resistance  never 
goes  to  zero.  This  interpretation  is  further  supported  by  the  magnetization  studies  which 
show  a  hysteretic  behavior  between  the  zero-field-cooling  and  field-cooling  measurements 
developing  at  similar  temperatures. 

Of  the  twenty  nominal  single  crystal  samples  measured  in  the  SQUID  magnetometer,  six 
exhibited  near-room-temperature  hysteretic  behavior,  i.e.,  the  zero-field-cooled- 
magnetization  (ZFCM)  became  increasingly  more  diamagnetic  than  the  field-cooled- 


magnetization  (FCM)  below  the  transition  temperature  as  clearly  shown  in  Fig.  4-6  for  an 
applied  field  of  100  Oe.  (Some  of  the  earlier  magnetization  results  for  single  crystal  and 
melt-textured  YBa2Cu307  samples  are  described  in  Appendix  A.)  However,  it  should  be 
pointed  out  that  the  magnetization  for  most  of  those  samples  not  exhibiting  a  hysteretic 
behavior  were  performed  in  fields  of  less  than  5  Oe  which  might  have  resulted  in  not 
enough  sensitivity  for  detecting  a  difference  between  the  ZFCM  and  the  FCM  responses  at 
these  low  field  strengths.  For  two  samples  including  one  from  a  single  crystal  batch 
exhibiting  near-room-temperature  resistive  transitions,  the  magnetic  hysteresis  develops  at 
about  310  K  with  an  uncertainty  of  ±  10  K  due  to  instrumental  scatter  of  the  data.  For 
fields  between  50  and  250  Oe,  the  FCM/H  data  (FCM  divided  by  the  applied  magnetic  field 
H)  are  essentially  the  same;  however,  the  ZFCM/H  data  are  independent  of  field  for  lower 
field  strengths  and  for  the  larger  fields  increase  towards  the  FCM/H  data  resulting  in  a 
smaller  hysteresis  as  shown  in  Fig.  4-7.  Thus  the  ZFCM/H  becomes  less  diamagnetic  with 
respect  to  the  FCM/H  for  increasing  field  strengths  even  though  the  overall  magnetic 
response  is  positive  in  sign.  This  behavior  is  qualitatively  similar  to  the  magnetic 
susceptibility  for  an  inhomogeneous  superconductor  where  ZFCM/H  has  its  maximum 
diamagnetic  response  for  the  lowest  field  strengths  and  decreases  towards  zero  for  larger 
fields  when  the  field  is  greater  than  the  lower  critical  field  Hd-  The  FCM/H  is  always  less 
diamagnetic  than  the  corresponding  ZFCM/H  and  can  even  be  zero  for  low  fields  if  the  flux 
trapping  is  nearly  equal  to  the  diamagnetic  flux  exclusion  response  due  to  the  increasing 
viscous  nature  of  flux  with  decreasing  temperature.  For  granular  superconducting 
samples,  the  FCM/H  is  typically  one-third  of  the  maximum  ZFCM/H  result;  however,  this 
fraction  can  be  substantially  reduced  if  the  superconducting  sample  has  large  interior 
regions  of  non-superconducting  areas  and  strong  pinning  sites  as  is  the  probable  case  for 
the  nominal  single  crystal  samples. 

Figures  4-8  to  4-10  show  the  magnetic  behavior  of  a  third  sample  (#GY(X)26D-2)  which 
is  the  same  one  exhibiting  the  resistive  drops  at  280  K  and  340  K  shown  in  Figs.  4-4  and 
4-5.  The  ZFCM/H  and  FCM/H  results  are  qualitatively  similar  to  those  described  in  the 
preceding  paragraph,  except  the  hysteresis  begins  in  the  vicinity  of  340  K  and  the  ZFCM/H 
and  FCM/H  at  500  Oe  nearly  coincide.  Although  the  sign  of  the  magnetic  responses  are 
positive,  the  relative  magnetization  changes  between  the  ZFCM/H  and  the  FCM/H  show  a 
diamagnetic-like  character.  This  diamagnetic  character  can  be  further  enhanced  by  noting 
that  the  FCM/H  data  for  500  Oe  can  be  fit  to  the  normal-state  susceptibility  measured  for  a 


single-phase  1-2-3  sample  as  indicated  by  the  solid  lines  in  these  figures.  Thus  not  only 
does  the  ZFCM/H  data  indicate  the  presence  of  a  diamagnetic  response  below  340  K,  but 
the  FCM/H  data  for  the  lower  fields  is  also  diamagnetic  in  nature  and  becomes  more 
diamagnetic  for  lower  field  strengths  as  well.  The  magnetization  results  for  another 
nominal  single  crystal  sample  (#GY0026D-1)  from  the  same  batch  exhibit  nearly  identical 
behavior  for  similar  field  strengths.  The  overall  similarity  of  this  magnetic  behavior  to  that 
for  an  inhomogeneous  superconductors  supports  the  conclusion  that  these  crystalline 
samples  have  a  superconducting  phase  with  a  Tc  near  340  K,  in  agreement  with  the 
electrical  measurements.  The  microstructure  of  this  sample  is  presently  being  investigated 
by  transmission  electron  microscopy  (TEM)  studies  by  C.H.  Chen  at  AT&T  in  order  to 
determine  if  defect  structures  similar  to  previous  TEM  results  on  our  samples  are  present. 
Because  of  the  increased  experimental  success  in  the  detection  of  superconducting-like 
phenomena  in  the  nominal  YBa2Cu307-5  single  crystal  samples,  we  plan  to  continue 
electric  and  magnetic  measurements  on  these  types  of  samples. 


5.  STUDIES  ON  MATERIALS  EXHIBITING  A  336-K  TRANSITION 

As  reported  in  an  earlier  Technical  Report  (AFOSR-91-0319  Annual  Report  for  1992- 
93),  unusual  magnetic  transitions  have  been  observed  at  336  K  for  three  different  batches 
of  granular  YBaCuO  samples.  These  transitions  are  characterized  by  the  zero-field-cooled- 
magnetization  (ZFCM)  being  featureless  with  only  a  weak  temperature  dependence  in  the 
range  of  300  K  to  360  K  while  the  field-cooled-magnetization  (FCM)  shows  a  fairly  sharp, 
positive  increase  below  336  K  which  remains  essentially  a  constant  value  above  the  ZFCM 
at  lower  temperatures  as  shown  in  Fig.  5-1.  Although  this  magnetic  behavior  is 
uncharacteristic  for  a  bulk  superconductor  at  its  transition  temperature,  we  have  observed 
resistive  drops  in  the  same  temperature  range  in  other  ceramic  YBaCuO  samples  and 
nominal  YBa2Cu307-5  single  samples.  (See  preceding  two  sections.)  Furthermore,  one  of 
the  earliest  reports  of  zero-resistance  transitions  above  room  temperature  was  at  340  K  in  a 
YBaSrCusOy  sample  reported  by  a  Japanese  group.[10]  The  strong  coincidence  in  the 
340-K  temperature  between  these  various  superconducting-like  results  suggests  a  more 
thorough  study  should  be  pursued.  We  have  correspondingly  pursued  a  three  prong  attack 
to  this  problem,  (i)  We  have  systematically  studied  the  synthesis  conditions  for  growing 
samples  which  exhibit  this  336-K  transition  by  utilizing  our  simultaneous  differential 
thermal  analyzer  and  thermogravimetry  (DTAA'G)  system,  (ii)  Subsequently  we  have 
utilized  x-ray  diffraction  (XRD)  and  electron  microscopy  to  assist  in  the  identification  of 
possible  crystal  phases  and/or  structural  feature  that  could  be  associated  with  the 
appearance  of  the  336-K  transition,  (iii)  In  addition,  we  have  tried  to  characterize  the 
nature  of  this  transition  more  fully  and  its  possible  relation  to  surface  superconductivity. 
During  the  past  18  months,  over  ninety  ceramic  YBaCuO  samples  were  tested  for  the 
possible  existence  of  the  336-K  transition  by  low-field  magnetization  measurements,  with 
nearly  40%  exhibiting  some  indication  of  this  unusual  magnetic  behavior. 

The  first  phase  of  this  research  was  to  repeat  the  synthesis  conditions  utilized  in  the 
previous  preparation  of  nominal  Y5Ba6CuiiOy  samples  exhibiting  this  336-K  magnetic 
transition.  Five  different  batches  of  5:6:11  (Y:Ba:Cu)  nitrate  and  oxide  powders  were 
mixed  and  homogenized  in  a  nitric  acid  solution.  After  heating  to  950°C  in  flowing  O2  for 
18  hours,  the  reacted  powders  were  quenched  to  room  temperature  in  air.  This  procedure 
was  repeated  four  more  times  with  intermediate  grindings.  Out  of  the  five  batches,  samples 
from  only  two  batches  clearly  exhibited  the  characteristic  magnetic  behavior  at  336  K.  (See 
Fig.  5-1  for  the  magnetic  characteristics  for  a  sample  from  these  batches.)  Even  though  the 


synthesis  conditions  were  the  same,  the  lack  of  total  reproducible  results  indicated  a  more 
systematic  and  informative  approach  to  the  synthesis  procedure,  such  as  afforded  by  the 
DTA/TG  system,  would  be  beneficial.  This  is  especially  true  since  a  knowledge  of  the 
reaction  processes  during  the  cooling  cycle  could  be  easily  monitored. 

Utilization  of  the  DTA/TG  system  in  the  sample  synthesis  permitted  the  variation  of 
several  parameters  including  the  relative  O2  partial  pressure,  the  inert  gas  to  be  utilized, 
different  final  heating  temperatures,  different  hold  times  at  the  highest  temperatures.  Also 
variations  in  the  relative  Y:Ba:Cu  compositions  as  well  as  in  starting  materials  were  tested. 
(See  Table  I.)  The  following  summarizes  our  findings  of  the  synthesis  conditions  for 
increased  probability  of  growing  samples  which  wiU  exhibit  the  336-K  magnetic  transition. 

(1)  Heating  the  powders  /samples  to  temperatures  above  their  peritectic  transformation 
temperature. 

(2)  Reducing  the  O2  partial  pressure. 

(3)  Heating  in  a  pure  Ar  gas  flow  rather  than  in  He  or  N2  gas  flow. 

(4)  Presence  of  a  sharp  solidification  peak  in  the  DTA  data  during  the  cooling  cycle.  (See 
Fig.  5-2.) 

(5)  Appearance  of  an  exothermic  peak  during  the  cooling  cycle  (852°C  in  flowing  Ar)  with 
a  barely  detectable  weight  gain.  This  weight  gain  is  presumably  an  oxygen  uptake  from  the 
surrounding  gaseous  environment  which  still  contains  some  oxygen  present  from  the 
sample's  oxygen  loss  during  the  heating  cycle.  (See  Fig.  5-2  to  5-4.) 

(6)  Appearance  of  336-K  magnetic  transition  only  dependent  upon  initial  synthesis  cycle  of 
sample.  The  magnitude  of  the  difference  between  the  FCM  and  the  ZFCM  was  found  to  be 
unchanged  by  subsequent  thermal  treatments  in  Ar  or  anneals  in  O2. 

(7)  Starting  compositions  or  materials  play  a  secondary  role  in  the  formation  of  samples 
exhibiting  the  336-K  transition. 

It  must  be  pointed  out  that  the  interplay  between  the  exothermic  peaks  listed  in  (4)  and  (5) 
and  their  correlation  to  the  appearance  of  the  336-K  transition  is  still  unclear  at  the  present 
time  and  further  studies  are  continuing.  Also  since  the  majority  of  these  samples  were 
grown  in  flowing  Ar  and  not  pressed  into  pellets,  the  samples  are  highly  resistive,  or  even 
insulating,  and  thus  electrical  measurements  are  not  available. 


Table  I.  DTA/TG  Synthesized  Samples  with  336-K  Transition 

Nominal  Composition  (Y :Ba:Cu)  Starting  Materials _ Nitric  Acid  Solution 


1:2:  2.75 

nitrates  &  oxides  powders 

yes 

1:2:4 

YBa2Cu408 

no 

4:5:9 

YBa2Cu408  &  Y2BaCu05 

no 

4:5:9 

carbonates 

no 

4:5:9 

nitrates  &  oxide  powders 

yes 

Structural  and  surface  studies  by  XRD  and  SEM  are  not  complete  at  this  time.  Initial 
XRD  data  indicate  a  few  common  features  present  in  those  samples  exhibiting  the  336-K 
transition.  First,  the  predominate  phases  are  the  tetragonal  YBa2Cu306.5  and  the 
insulating  Y2BaCu05  structures  with  smaller  amounts  of  CuO  and  BaCu02.  However 
two  sets  of  peaks  associated  with  the  tetragonal  1-2-3  phase  are  anomalous:  the  intensities 
of  the  (103)/(013)  and  (1 10)  peaks  are  nearly  equal  in  magnitude  although  the  ratio  should 
be  closer  to  2:1;  and  the  relative  intensities  for  the  (003)  and  (100)/(010)  do  not  agree  the 
literature  values.  (See  Fig.  5-5  to  5-7.)  This  suggests  a  possible  distortion  of  the  lattice  or 
chemical  substitution  for  certain  atoms  in  these  particular  planes.  Furthermore  because  the 
maximum  temperatures  during  the  DTA/TG  synthesis  of  these  samples  exceed  the  peritectic 
temperature,  these  samples  have  substantial  melting  occurring  which  is  supported  by  the 
SEM  topographical  studies.  Moreover,  the  SEM  photos  (see  Fig.  5-8)  indicate  significant 
melting  had  occurred  even  on  the  quenched  5:6:11  sintered  samples  that  had  only  been 
heated  to  950°C  in  O2,  nearly  20°C  below  its  corresponding  peritectic  temperature. 

The  last  aspect  of  this  research  is  the  study  of  the  nature  of  this  336-K  transition. 
Initially  a  comprehensive  investigation  of  the  magnetic  field  dependence  of  both  the  ZFCM 
and  FCM  was  undertaken.  The  abrupt,  positive  increase  in  the  FCM  below  336  K  was 
found  to  be  present  at  all  fields  from  0.5  Oe  to  200  Oe,  although  the  increase  was 
essentially  field  independent.  The  ZFCM  began  to  exhibit  a  similar  increase  just  below  336 
K  for  fields  above  10  Oe  as  shown  in  Figs.  5-9  to  5-1 1.  This  behavior  is  reproducible  as 


measurements  repeated  many  times  on  a  given  sample  resulted  in  the  same  ZFCM  and 
FCM  within  the  sensitivity  of  the  SQUID  magnetometer.  Some  of  the  measurement  were 
performed  after  the  sample  had  been  placed  in  a  desiccator  for  two  years.  In  addition,  the 
change  in  the  sample  orientation  and  after  pulverization  of  a  sample  had  no  effect  on  the 
observed  magnetic  behavior  nor  the  336-K  transition  temperature. 

These  features  associated  with  the  336-K  transition  can  be  understood  in  terms  of  two 
possible  effects:  the  presence  of  a  small  amount  of  ferromagnetic  impurities  or  a  strong 
flux  pinning  around  paramagnetic  inclusions.  Even  though  the  starting  materials  of  the 
oxides,  carbonates,  and  nitrates  used  in  the  preparation  of  the  YBaCuO  samples  are  of  high 
purity  (>99.9  %  purity),  there  is  always  a  trace  amount  (few  parts  per  million)  of  metal 
impurities  present  in  these  materials  with  the  most  common  ferromagnetic  impurity  being 
iron  or  iron  oxide.  Other  possible  ferrimagnetic  materials  in  the  YBaCuO  samples  could  be 
yttrium  iron  garnet  and  barium  ferrite  which  have  Curie  temperatures  in  the  500  to  800°C 
range.  Clearly,  the  336-K  transition  occurs  well  below  their  respective  Curie  temperatures 
and  thus  cannot  be  attributed  to  these  impurities.  Furthermore,  if  ferromagnetic  or 
ferrimagnetic  impurities  were  present  in  the  starting  materials  then  it  should  be  present  in  all 
the  samples  prepared  from  the  same  starting  materials  and  one  should  therefore  expect  all 
samples  to  exhibit  the  features  associated  with  the  336-K  transition.  In  contrast,  less  than 
half  exhibit  the  observed  features.  Also,  the  magnetization  difference  (FCM-ZFCM)  as  a 
function  of  magnetic  field  saturates  in  a  few  oersteds.  (See  Fig.  5-12.)  This  value  is 
extremely  smaU  for  magnetic  transitions  such  as  for  a  ferromagnetic  material.  Thus  we  can 
exclude  the  possibility  of  the  336-K  transition  being  due  to  the  presence  of  these 
ferromagnetic  or  ferrimagnetic  impurities. 

The  other  possibility  would  be  the  existence  of  a  thin  layer  of  a  336-K  superconducting 
material  surrounding  a  paramagnetic  inclusion.  It  is  observed  that  the  ZFCM  data  is 
essentially  featureless  in  the  transition  region  of  336  K  at  the  lowest  fields.  If  the 
penetration  depth  of  this  superconducting  phase  is  comparable  to  the  dimensions  of  the 
superconducting  layers,  the  diamagnetic  response  (or  flux  exclusion)  would  be 
substantially  suppressed  so  that  its  contribution  to  the  ZFCM  might  be  nearly  zero.  In 
addition,  this  signal  would  be  superimposed  upon  a  more  dominant  paramagnetic 
background  that  arises  from  the  nonsuperconducting  regions  (123,  21 1,  and  CuO)  of  the 
sample  above  100  K.  Whereas  for  the  FCM,  these  336-K  superconducting  layers  would 
trap  magnetic  vortices  (flux)  with  the  field  inside  the  vortex  being  on  the  same  order  as  the 


upper  critical  field  Hc2-  If  these  layers  surrounded  paramagnetic  inclusions,  the  magnetic 
response  of  the  paramagnetic  inclusions  would  be  enhanced  by  the  trapped  vortex  field  and 
in  fact  could  even  be  saturated.  This  would  result  in  the  FCM  having  a  spontaneous 
positive  magnetization  behavior.  In  addition,  one  would  expect  little  or  no  magnetic  field 
dependence  since  the  vortex  field  is  only  dependent  upon  superconducting  parameters  like 
the  penetration  depth  and  coherence  length  and  not  the  applied  magnetic  field.  The  field 
dependence  observed  in  the  ZFCM  can  be  understood  in  a  similar  manner  as  once  the  lower 
critical  field  is  exceeded,  magnetic  vortices  can  be  penetrate  into  the  superconductor  and 
become  trapped  at  the  sites  of  the  paramagnetic  inclusions.  Since  the  number  of  vortices 
generated  is  related  to  the  magnetic  field  strength,  one  would  expect  a  field  dependence  for 
the  ZFCM  as  shown  in  Figs.  5-9  to  5-11.  Nevertheless,  the  lack  of  even  a  diamagnetic- 
like  deviation  in  the  ZFCM  is  disconcerting  if  this  transition  is  truly  superconducting  in 
nature.  We  should  point  out,  however,  that  the  ZFCM  for  one  sample  did  show  a 
diamagnetic  deviation  at  336  K  while  the  FCM  was  essentially  featureless  in  this 
temperature  range.  Also  the  appearance  of  a  positive  FCM  response  has  been  observed  in 
bulk  superconductors,  the  so-called  paramagnetic  Meissner  effect.  [20,21]  Clearly  more 
work  is  required  to  fully  understand  the  nature  of  this  transition  from  a  magnetic 
perspective  as  well  as  to  clarify  the  exact  synthesis  conditions. 


6.  STUDIES  OF  THE  PARAMAGNETIC  MEISSNER  EFFECT 

Recently  in  the  high-temperature  superconducting  BiSrCaCuO  (2212)  materials,  several 
groups  [20,21]  have  observed  a  field-cooled-magnetization  (FCM)  that  was  paramagnetic  in 
sign  rather  than  the  usual  diamagnetic  response  for  such  measurements.  This  behavior  is 
now  referred  to  as  the  Paramagnetic  Meissner  Effect  (PME)  or  Wohlleben  effect.  Various 
explanations  for  the  origin  of  the  PME  in  these  granular  high-Tc  superconductors  have 
been  proposed,  including  spontaneous  currents  due  to  n-contacts,  vortex-pair  fluctuations 
combined  with  pinning,  weak-link  current  loops,  and  spontaneous  orbital  currents.  In 
fact,  the  paramagnetic  response  in  BSCCO  compounds  has  even  been  argued  as  evidence 
for  d-wave  superconductivity  in  these  materials.  Thus  there  is  great  interest  in  further 
understanding  the  nature  of  this  effect  and  its  origin.  Recently  we  have  observed  a  similar 
behavior  in  several  disk-shaped  niobium  samples  which  suggests  that  the  PME 
phenomenon  is  more  common  than  in  just  the  high-Tc  superconductors. 

The  diamagnetic  shielding  and  flux  expulsion  for  several  Nb  disks  have  been  studied  as 
a  function  of  temperature  and  magnetic  field.  For  fields  perpendicular  to  the  surface  of  the 
disk,  the  zero-field-cooled  magnetization  (ZFCM)  shows  a  diamagnetic  transition  at  9.17  K 
(see  Fig.  6-1)  which  is  strongly  field-dependent  while  the  FCM  shows  a  positive 
magnetization  for  temperatures  below  9.17  K  (see  Fig.  6-2).  In  contrast,  the  ZFCM  and 
FCM  data  for  fields  parallel  to  the  Nb  disk  surface  indicate  only  diamagnetic  responses 
with  an  onset  of  superconductivity  at  9.17  K.  This  anisotropic  behavior  indicates  that  there 
is  a  preferred  orientation  or  geometry  of  the  sample  with  respect  to  the  magnetic  field 
direction  in  order  to  observe  the  PME,  i.e.,  the  magnetic  field  should  be  perpendicular  to 
the  flat  surface  of  the  disk.  In  addition  to  the  orientation  dependence,  we  have  found  that 
the  ZFCM  and  FCM  behaviors  for  fields  perpendicular  to  the  surface  can  be  changed  by 
sanding  or  etching  the  disk  surfaces.  In  fact,  the  positive  FCM  response  can  be  changed  to 
a  diamagnetic  response  by  light  mechanical  sanding  of  the  disk  surfaces.  This  behavior 
suggests  that  strong  surface  pinning  defects  are  present  in  the  virgin  Nb  disks  and  are 
responsible  for  the  observation  of  the  PME.  We  are  continuing  our  investigations  on  the 
Nb  disks  to  further  elucidate  the  exact  nature  of  the  interplay  between  the  geometric 
orientation  and  the  surface  pinning  necessary  for  the  PME  observation.  (Further  details  of 
this  study  can  be  found  in  Appendix  B  and  our  paper  in  Physica  C  235-240,  2519 
(1994).) 


1. STUDIES  OF  JOSEPHSON  EFFECTS  IN  OXIDE  SUPERCONDUCTORS 

Microwave  radiation  has  been  found  experimentally  to  have  some  unusual  effects  on  the 
cuprate  superconductors.  For  example,  it  can  lead  to  a  nonbolometric  excess  resistance  just 
below  Tc  or  even  induced  dc  voltages  in  an  unbiased  sample.  One  possible  mechanism 
responsible  for  these  unusual  microwave  effects  is  the  Josephson  effect.  A  systematic 
investigation  to  distinguish  Josephson  effects  from  classical  effects  such  as  rectification  or 
heating  was  undertaken  on  YBaCuO  and  TLBaCaCuO  films.  The  microwave  induced  dc 
voltages  developed  in  these  thin  films  had  an  oscillatory  behavior  of  both  polarities  as  a 
function  of  microwave  power  and  dc  magnetic  field,  a  polarity  reversal  upon  the  reversal  of 
the  dc  magnetic  field  direction,  and  a  dependence  on  temperature.  These  results  are 
qualitatively  similar  to  the  nonlinear  dynamic  responses  observed  in  conventional 
Josephson  tunnel  junctions  and  are  consistent  with  the  Josephson  effect  arising  from 
normal  regions  between  superconducting  grains  which  behave  as  Josephson-like  junctions. 
Appendix  C  describes  in  greater  detail  this  investigation. 

For  experiments  performed  on  thin  films  or  ceramic  samples,  it  is  not  always  easy  to 
determine  whether  the  Josephson  effect  occurs  in  intergranular  or  intragranular  regions. 
Although  there  is  strong  experimental  evidence  for  the  existence  of  intrinsic  Josephson 
junctions  in  single  crystals  of  Bi-  and  Tl-based  cuprate  superconductors,  similar  evidence  is 
still  lacking  for  YBaiCusOy-S  (YBCO)  single  crystals.  In  this  second  investigation,  we 
have  studied  the  effects  of  microwave  radiation  on  YBCO  single  crystals  to  see  if  the 
nonbolometric  and/or  the  Josephson  effect  can  occur  inside  a  YBCO  single  crystal.  By 
placing  a  single  crystal  in  an  X-band  waveguide  which  has  well-behaved  microwave  E-  and 
H-fields,  we  have  systematically  studied  the  roles  of  the  microwave  E-  and  H-fields  in 
determining  the  dynamic  properties  of  a  YBCO  single  crystal. 

Microwave  induced  dc  voltages  in  a  YBa2Cu307.5  single  crystal  have  been  observed 
along  its  c  -axis  with  or  without  a  dc  bias  current  by  utilizing  standing  waves  near  the  end 
of  an  X-band  (8-12  GHz)  waveguide.  With  a  dc  bias  current,  the  effect  is  larger  when  the 
single  crystal  is  coupled  to  the  maximum  of  the  microwave  H-field,  suggesting  that  the 
induced  dc  voltages  are  due  to  vortex  flow.  (See  Fig.  7-1.)  Without  a  dc  bias  current,  the 
induced  voltages  resemble  the  inverse  ac  Josephson  effect  and  require  the  presence  of  both 
the  E-  and  H-fields  of  the  microwave.  The  ternperamre  and  the  bias  current  dependences  of 
the  induced  voltages  both  show  several  peak  structures  indicating  the  existence  of  multiple 
Josephson  junctions  in  series  along  the  c  -axis  direction  of  the  single  crystals.  However,  it 


is  not  yet  clear  whether  the  Josephson  junctions  are  formed  within  a  unit  cell  or  at  the 
stacking  faults  which  commonly  occur  in  a  single  crystal  sample. 

Further  support  for  this  Josephson  junction  hypothesis  comes  from  our  observation  of 
periodic  voltage  oscillations  as  a  function  of  magnetic  field  when  a  dc  bias  current  is 
applied  along  the  c  -axis  of  a  YBa2Cu307-5  single  crystal  and  the  dc  magnetic  field  is 
applied  parallel  to  the  ab  -planes  of  the  crystal.  The  voltage-vs-field  patterns  are  similar  to 
the  magnetic  interference  patterns  associated  with  a  dc  SQUID  as  seen  in  Fig.  7-2.  Studies 
which  further  elucidated  these  features  as  well  as  improved  our  understanding  of  these 
effects  on  the  cuprate  superconductors  are  detailed  in  Appendix  D. 
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Fig.  4-4.  Resistance  along  ab  -plane  of  a  nominal  YBa2Cu307-5  single  crystal  showing  a 
resistive  transition  in  the  vicinity  of  340  K. 
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Fig.  4-6.  The  ZFCM  and  FCM  for  a  nominal  YBa2Cu307-5  single  crystal  sample  (GY0026D-1)  in  a 
field  of  100  Oe. 
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Fig.  4-7.  The  ZFCM  and  FCM  for  a  nominal  YBa2Cu307-5  single  crystal  sample  (91093-4)  in  fields  of 
100  Oe  and  250  Oe. 
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Fig.  4-9.  The  magnetic  field  dependence  of  the  ZFCM  for  a  nominal  YBa2Cu307-5  single  crystal  sample  (GY0026D-2). 
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Fig.  4-10.  The  magnetic  field  dependence  of  the  FCM  for  a  nominal  YBa2Cu307-5  single  crystal  sample  (GY0026D-2) 
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Simultaneous  DTA/TG  data  during  the  warming  and  cooling  cycles  of 
the  synthesis  of  a  nominal  1:2:4  YBaCuO  sample  in  Ar  gas. 
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Fig.  5-5.  X-ray  diffraction  pattern  for  a  nominal  1:2:  2.75  YBaCuO  sample 
synthesized  at  1000°C  in  Ar. 
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Fig.  5-6.  X-ray  diffraction  pattern  for  a  nominal  1:2:4  YBaCuO  sample 
synthesized  at  1000°C  in  Ar. 
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Fig.  5-8.  SEM  photograph  fora  nominal  5:6:1 1  YBaCuO  sample  exhibiting  the 
336-K  transition. 


rp  rp 

(O  0)  <D 

q  q  q 

00  l>  VO 


(niu9)  p\[ 


5.0e-7 


4.0e-7  J^'^cP^cPo  cP 


in 

I 

(D 

q 

(N 


(nui9)  pv 


Fig.  5-10.  The  ZFCM  and  FCM  for  a  nominal  5:6:11  YBaCuO  sample  (GC-1-1)  for  a  field  of  100  Oe. 
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Fig.  5-11.  The  ZFCM  and  FCM  for  a  nominal  5:6: 11  YBaCuO  sample  (GC-1-1)  for  a  field  of  200  Oe. 
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Fig.  6- 1 .  The  ZFCM  of  a  Nb  disk  with  H  perpendicular  to  the  surface. 
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Fig.  6-2.  The  FCM  of  a  Nb  disk  for  H  perpendicular  to  the  surface. 
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Fig.  5.6. 

ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a 
nominal  YBa2Cu307.5  single-crystal  sample  (Sxtal)  in  H  =  6  Oe. 
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Fig.  5.7. 

ZFC  and  FC  magnetizations  as  a  function  of  temperature  for  the 
sample  holder  in  H  =  5  Oe. 
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Fig.  5.8. 

ZFC  and  FC  magnetizations  as  a  function  of  temperature  of 
a  melt-textured  YBa2Cu307.5  sample  LHBOl  in  (a)  H  =  100  Oe 
and  (b)  H  =  400  Oe. 
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Fig.  5.9. 

ZFC  and  FC  magnetizations  for  melt-textured  YBa2Cu307.5  sample 
LHBOl  for  fields  of  100  and  400  Oe.  Note  that  the  hysteretic 
behavior  begins  about  310  K  and  ZFCM/H  for  400  Oe  is  closer 
to  FCM/H  than  for  the  100  Oe  field. 
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Fig.  5.10. 

ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a 
melt-textured  YBa2Cu307_5  sample  MJOOl  in  H  =  100  Oe.  Note 
that  the  hysteretic  behavior  develops  below  320  K. 
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Fig.  5.11. 

ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a 
melt-textured  YBa2Cu307.5  sample  LHAOOl  in  H  =  100  Oe. 

Note  that  the  hysteretic  behavior  develops  below  290  K. 
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Fig.  5.12. 

ZFC  and  FC  magnetizations  of  a  melt-textured  YBa2Cu307.5  sample 
LHAOOl  measured  with  field-cooled  cooling  (2,4)  and  field-cooled 
warming  (3). 
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Fig.  5.13. 

Sketch  of  the  ZFC  and  FC  magnetizations  as  a  function  of  temperature 
of  a  bulk  superconductor  showing  the  curves  for  ZFC  (i),  FCC 
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after  the  fifth  anneal  in  argon. 
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Fig.  5.46. 

DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample 
(GC-l-lC)  after  the  sixth  anneal  in  argon. 
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Fig.  5.47. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC) 
after  the  sixth  anneal  in  argon.  Note  the  increase  in  the  paramagnetic 
response. 
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Fig.  5.48. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC) 
after  the  fifth  anneal  in  argon.  Note  the  reappearance  of  the  ~  90-K 
superconducting  transition. 
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Fig.  5.49. 

DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample 
(GC-l-lC)  after  the  seventh  anneal  in  argon. 
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Fig.  5.50. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC) 
after  the  seventh  anneal  in  argon.  Note  the  paramagnetic  behavior  with 
the  increase  in  the  upward  curvature  from  200  K  to  100  K. 
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Fig.  5.51. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC) 
after  the  seventh  anneal  in  argon. 
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Fig.  5.52. 

Expanded  version  of  the  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of 
a  sample  (GC-l-lC)  after  the  seventh  anneal  in  argon.  Note  that  the 
transition  at  50  K  is  still  present  and  the  90-K  is  shifted  to  85  K. 
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Fig.  5.53. 

X-ray  diffraction  pattern  of  the  sample  (GC-l-lC)  before  the  argon 
annealing  treatments. 
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Fig.  5.54. 

X-ray  diffraction  pattern  of  the  sample  GC-l-lC  after  the  argon 
annealing  treatments. 
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Fig.  5.55. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  multi-phase 

Y5BagCu  11  Ox  sample  (GC-l-lE). 
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Fig.  5.56. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  multi-phase 

Y5Ba6Cuii Ox  sample  (5-25). 
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Fig.  5.57. 

ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  multi-phase 

Y5BagCuii Ox  sample  (240-1). 
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Fig.  5.58. 

SEM  micrograph  of  a  multi-phase  Y5Ba5CuiiOx  sample  (GC-l-lC). 
Note  the  plate-like  crystallite  regions. 
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Fig.  5.59. 

SEM  micrograph  of  a  multi-phase  Y5Ba5CuiiOx  sample  (GC-1-2A). 
Note  the  plate-like  crystallite  regions. 
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Fig.  5.60. 

SEM  micrograph  of  a  multi-phase  Y5Ba6CuiiOx  sample  (GC-l-lE). 
Note  that  the  grain  edges  are  fuzzy  and  the  absence  of  plate-like 
structures. 
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Fig.  A.l. 

7FC  and  FC  magnetizations  versus  temperature  for  H  =  5  Oe 
of  a  ceramic YBa2Cu307,5  sample  contained  in  a  quartz-tube 
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sample  holder. 
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Fig.  A.2. 

ZFC  and  FC  magnetizations  versus  temperature  for  H  =  10  Oe 
of  a  ceramic YBa2Cu307.5  sample  contained  in  a  quartz- tube 
sample  holder. 
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Fig.  A.3. 

ZFC  and  FC  magnetizations  versus  temperaturof  a  ceramic 
YBa2Cu307.5  sample  kept  suspended  using  thread  in  H  =  5  Oe. 
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Fig.  A.4. 

ZFC  and  FC  magnetizations  versus  temperature  of  a  ceramic 
YBa2Cu307.5  sample  for  fields  of  5  Oe  and  10  Oe. 
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Fig.  A. 5. 

The  1/x  (from  ZFC  magnetization)  versus  temperature  of  a 
ceramic  YBa2Cu307.5  sample  for  fields  of  5  Oe  and  10  Oe.  The 
least-squares  fit  to  the  10  Oe  data  is  shown  by  the  sohd-line. 
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Fig.  A. 6. 

ZFC  and  FC  magnetizations  versus  temperature  of  a  ceramic 

Y2BaCu05  sample  for  fields  of  5  Oe. 
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Fig.  A. 7. 

The  1/x  (from  ZFC  magnetization)  versus  temperature  of  a 
ceramic  Y2BaCu05  sample  for  fields  of  5  Oe  and  10  Oe. 
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Fig.  A.8. 

The  1/x  (from  ZFC  and  FC  magnetization)  versus  temperature  of  a 
ceramic  Y2BaCu05  sample  for  fields  of  5  Oe  and  10  Oe.  The 
least-squares  fit  to  the  ZFCM  is  shown  by  the  solid-line. 

157 

Fig.  A. 9. 

ZFCM  and  FCM  (normalized  per  unit  mass)  in  H  =  5  Oe  of  a  small 
amount  of  CuO  powder  before  and  after  annealing  in  flowing  oxygen. 
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Fig.  A.  10. 

ZFCM  and  FCM  (pormalized  per  unit  mass)  in  H  =  5  Oe  of 
a  cold-pressed  pellet  of  CuO  before  and  after  annealing  in 
flowing  oxygen. 
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Fig.  A. 11. 

ZFCM  and  FCM  (normahzed  per  unit  mass)  in  H  =  5  Oe  of  a 
cold-pressed  pellet  of  CuO  after  a  second  annealing  in  flowing  oxygen. 
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Fig.  A.  12. 

The  calculated  mass  susceptibilities  versus  temperature  for 
YBa2Cu307.s,  Y2BaCu05,  CuO  and  YgBa6CuiiOx.  Note  the  relative 
magnetization  contribution  from  each  phase  to  the  magnetization  of 
YsBagCuiiOx- 
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Fig.  A.13. 

The  calculated  mass  susceptibihties  versus  temperature  of 

YgBa^CuijOx  for  the  zero-field-cooled  and  field-cooled  processes. 
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Fig.  A.  14. 

The  experimentally  measured  ZFCM  and  FCM  of  a  multi-phase 
YgBa^CuyOx  sample  and  the  calculated  magnetization  for 
YgBagCujiOx-  Note  that  the  ZFCM  data  of  the  sample  GC-l-lC  is 
almost  identical  to  the  calculated  magnetization  data  for  YgBa^CujjOx. 
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Chapter  1 


INTRODUCTION 

In  191 1  H.  Kamerlingh  Onnes^  found  that  the  resistance  of  mercury  dropped  abruptly 
to  zero  at  4.19  K.  This  loss  of  resistance  or  perfect  conductivity  is  the  most  well- 
recognized  characteristic  of  the  phenomenon  called  superconductivity  with  the  temperature 
at  which  the  resistance  drops  to  zero  being  referred  to  as  the  critical  temperature  T^,.  Later, 
in  1933,^  it  was  found  that  when  a  bulk  superconducting  material  is  cooled  below  its 
critical  temperature  in  the  presence  of  a  magnetic  field,  it  expels  the  magnetic  field.  The 
expulsion  of  field  is  another  characteristic  of  a  superconductor  and  is  referred  to  as  the 
Meissner  effect.  Since  this  field  is  expelled  from  the  superconductor,  the  magnetization  of 
a  superconductor  below  Tc  is  said  to  exhibit  perfect  diamagnetism,  i.e.,  since 
B  =  0  =  H-i-  47rMv  then  47rMv  =  -  H  where  My  is  the  magnetization  per  unit  volume.  Since 
the  discovery  of  the  resistance  drop  in  mercury,  over  two  dozen  other  metallic  elements 
have  been  found  to  be  superconducting  with  T^'s  ranging  from  0.01  K  for  tungsten  to 
9.3  K  for  niobium.  In  1971,  Chevrel  and  co-workers^  discovered  a  new  class  of 
compounds  of  the  type  M^Mo^Xg  where  M  represents  a  large  number  of  metals  and  rare 
earths  and  X  for  the  chalcogens  of  S,  Se  or  Te.  The  highest  Tj.  of  15  K  was  observed  in 
PbMogSg.  Besides  the  Chevrel  phase  compounds  many  other  metallic  alloys  formed  by 
two  or  more  elements  have  been  synthesized  with  Nb3Ge  having  the  highest  T^  of  23.2  K. 

After  the  discovery  of  the  Nb3Ge  superconductor  in  1973,  over  a  decade  in  time 
transpired  without  finding  a  superconductor  exhibiting  a  higher  T(..  It  should  be  noted  that 
the  BCS  theory^  which  is  a  microscopic  theory  to  explain  superconductivity  does  not 
predict  which  materials  will  be  superconducting  nor  the  maximum  T^.  Nevertheless 
utilizing  some  assumptions  and  characteristic  parameters  from  known  metals,  maximum 
T(,'s  in  the  30  K  temperature  range  were  predicted.  Thus  it  was  a  scientific  revolution  in 
1986  when  Bednorz  and  Miiller^  reported  T^'s  in  the  30-35  K  temperature  range  for 
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multi-phase  ceramic  samples  of  LaBaCuO.  Superconductivity  in  the  LaBaCuO  system 
was  subsequently  verified  by  three  other  groups  within  three  months  and  the  defect 
perovskite  La2.xAxCu04  where  A  represents  an  alkaline  metal  of  Sr,  Ba  or  Ca  and 
X  <  0.25  was  found^'*  to  be  the  crystal  structure  responsible  for  the  superconductivity. 

These  reports  of  superconductivity  above  30  K  initiated  a  world-wide  research  fervor 
to  study  the  superconducting  properties  of  the  La2Cu04  ceramics  as  well  as  to  search  for 
other  superconducting  oxides  with  even  higher  T^.  This  onslaught  of  research  activity 
was  permitted  by  the  ease  of  synthesizing  these  ceramic  samples  under  normal 
atmospheric  conditions  by  a  solid  state  technique  using  off-the-shelf  chemicals.  Then  in 
February  1987,  Wu  et  al.^  reported  the  discovery  of  an  YBaCuO  multi-phase  sample 
exhibiting  resistance  drops  and  diamagnetism  above  hquid  nitrogen  temperature  (boiling 
point  77  K).  This  discovery  immediately  provided  more  impetus  to  superconductivity 
research  as  it  opened  the  door  for  innumerable  potential  appUcations  which  had  been 
previously  restricted  due  to  the  use  of  liquid  helium,  its  expense,  and  the  "complicated" 
cryogenic  facilities  and  handling  precautions  required.  Again  other  research  groups  were 
able  to  reproduce  these  experimental  results  and  determine  the  superconducting  phase  to  be 
YBa2Cu307.5  (5  <  0.5)  with  a  T^  of  92  K.  Since  YBaCuO  was  the  first  superconductor 
discovered  with  a  Tj,  above  77  K,  the  properties  of  the  YBaCuO  materials  are  the  most 
studied.  Within  the  year  both  Bi2Sr2Cai+nCu2+nOg+2n  Tl2Ba2Cai+nCu2+n08+n 
( n=l,  2)  were  found  to  exhibit  an  even  higher  T^.  with  Tl2Ba2Ca2Cu30io  having  a  T^.  of 
128  This  material  remained  as  the  highest  T^  superconductor  until  the  summer  of 
1993  when  HgBaCaCuO^^’^^  compounds  having  a  135-K  critical  temperature  were 
discovered.  One  of  the  reasons  for  the  lengthy  time  interval  before  the  HgBaCaCuO 
compound  was  discovered  was  the  increased  complexity  required  in  the  synthesis  of  the 
material.  In  order  to  attain  the  correct  perovskite  structure,  HgBaCaCuO  compounds  must 
be  synthesized  under  5  GPa  of  pressure  at  950°C  followed  by  an  oxygen  anneal.  In 
addition  to  these  superconductors,  there  are  currently  several  other  different  famdies  of 
oxide  superconductors  having  the  defect  perovskite  structure. 
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These  aforementioned  materials  have  satisfied  the  following  criteria  for  being  classified 
as  superconducting  materials: 

(i)  the  disappearance  of  resistance  at  T^. 

(ii)  the  appearance  of  a  Meissner  (diamagnetic)  response  at  Tj, 

(hi)  a  well-established  characterization  of  the  crystalline  structure  associated  with  the 
superconducting  phase 

(iv)  reproducible  properties  and  synthesis  performed  at  other  laboratories. 

Thus  materials  having  satisfied  these  criteria  are  widely  accepted  as  being  bulk 
superconductors.  Nevertheless  there  have  been  numerous  "sightings"  of 
superconducting-lhce  phenomena^  ^  including  zero-resistance  at  much  higher 
temperarnres,  even  approaching  room  temperature.  Unfortunately  these  higher- 
temperature  phenomena  were  one-  or  two-time  occurrences  as  they  had  an  inabUity  to 
survive  repeated  thermal  cyclings  through  their  transition  temperature.  In  1989,  Chen  et 
al.^*’^^  observed  zero-resistance  states  with  transition  temperatures  above  200  K  in  multi¬ 
phase  YBaCuO  materials  maintained  in  an  oxygen  environment.  Using  a  multiple-lead 
arrangement  consisting  of  six  cold  pressed  indium  contacts  and  gold  leads,  resistance  and 
current-voltage  (I-V)  measurements  were  performed  on  multi-phase  Y5Ba5Cui  jO^ 
samples.  The  results  for  one  of  the  samples  showed  a  zero-  resistive  T^.  in  the  temperature 
range  of  235  to  250  K  for  various  electrical  paths  and  withstood  repeated  thermal  cycles. 

In  addition,  the  resistance  of  the  sample  was  found  to  decrease  with  each  of  the  first  three 
thermal  cycles.  Furthermore,  the  resistive  drops  along  preferential  directions  indicated  that 
several  possible  superconducting  phases  might  be  present  in  this  material.  Thus  these 
results  strongly  suggest  the  existence  of  higher-T^.  phases  in  these  materials  and  not  simply 
some  experimental  artifact.  However,  the  nature  of  these  transitions  is  still  somewhat 
uncertain  since  subsequent  investigations  on  these  oxide  materials  have  not  always  shown 
similar  resistive  transitions  nor  have  exhibited  bulk-like  characteristic  properties  associated 
with  superconducting  transition  at  these  higher  T^-'s,  e.g.  a  diamagnetic  response.  Thus 
the  main  focus  of  this  thesis  deals  with  a  study  to  elucidate  the  magnetic  properties 
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associated  with  these  higher  transitions  and  to  investigate  the  conditions  for 
synthesizing  CuO  materials  exhibiting  these  higher-T,,  phenomenon  more  reproducibly. 

The  study  of  the  magnetic  properties  will  focus  on  the  temperature-dependent 
magnetization  which  depends  whether  the  sample  is  zero-field  cooled  (ZFC)  or  field- 
cooled  (FC)  below  the  critical  temperature.  When  a  bulk  superconductor  is  cooled  below 
Tj.  in  a  small  magnetic  field,  it  expels  the  magnetic  flux  and  exhibits  diamagnetism  as 
already  mentioned.  For  an  ideal  superconductor  which  is  defect-free,  this  leads  to  a 
susceptibility  of  Xv  =  -1/47C  (per  unit  volume)  in  cgs  units  as  no  flux  pinning  occurs.  This 
value  for  the  FC  response  will  be  the  same  as  the  ZFC  response,  where  the  magnetic  field 
is  switched  on  at  a  temperature  far  below  T^.  However,  for  a  typical  type-II 
superconductor  with  defects  present,  the  Meissner  effect  or  FCM  will  be  incomplete  due  to 
flux  pinning  as  IXyl  (FC)  <  l/47c.  However,  the  ZFC  response,  which  excludes  the  field 
and  exhibits  diamagnetic  shielding  or  flux  exclusion  will  be  IXyl  (ZFC)  =  -l/47t.  Therefore 
the  FC  response  will  always  be  less  diamagnetic  than  the  ZFC  response  and  the  magnetic 
behavior  is  said  to  be  hysteretic.  This  characteristic  hysteretic  behavior  can  then  be  utilized 
as  a  feature  to  determine  if  a  superconducting  phase  is  present. 

In  granular  materials  consisting  of  superconducting  grains,  the  structural  features  that 
can  influence  the  magnetic  properties  include  the  coupling  between  the  grains.  The 
superconducting  grains  in  these  materials  could  be  visualized  as  arrays  of  single-crystalline 
superconducting  grains  that  are  weakly  coupled  through  normal,  insulating,  or  lower-T^ 
superconducting  material  at  the  grain  boundaries.  The  nature  of  the  intergranular  weak- 
links  in  a  sample  determines  the  depth  to  which  the  field  penetrates  between  grains^®  for 
T  «  Tc-  In  addition,  the  intergranular  penetration  depth  is  related  to  the  strength  of  the 
Josephson  coupUng^^  and  the  ratio  of  the  average  flux  density  B  threading  through  the 
granular  material  to  the  magnetic  field  H  found  between  the  grains.  Thus  the  coupling  in 
these  materials  influences  the  magnetic  response.  For  instance,  Meissner  currents  cause 
partial  expulsion  in  the  field-cooled  process  and  the  remaining  field  is  trapped  as  intergrain 
flux  (at  the  grain  boundaries)  and  intragrain  flux  (inside  grain). Furthermore,  the 
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appearance  of  zero  resistance  is  also  strongly  influenced  by  the  microstructure,  since  the 
connectivity  between  the  grains  determines  whether  the  intergranular  coupling  is  strong 
enough  to  permit  a  finite  critical  current. 

In  this  dissertation,  a  magnetization  study  on  several  different  YBaCuO  materials 
including  nominal  single-crystals  has  been  performed  over  the  temperature  range  of  5  to 
360  K.  Special  emphasis  has  been  placed  on  the  magnetic  characterization  of  the  samples 
that  exhibit  the  higher-T^  transitions  in  order  to  elucidate  the  nature  of  these  transitions. 
Additional  analyses  using  physical  characterization  were  performed  to  obtain  information 
as  to  the  material  synthesis  conditions  as  well  as  the  possible  crystalline  phases  and 
microstructure  features  responsible  for  these  transitions. 

This  dissertation  is  organized  in  the  following  manner:  Chapter  2  describes  the 
"magnetic"  properties  of  type-II  superconductors,  layered  structures  of  several  YBaCuO 
superconducting  oxides,  and  length  scales  used  to  characterize  a  superconductor.  All  of 
these  are  relevant  for  the  studies  done  in  this  dissertation.  In  Chapter  3,  the  experimental 
procedures  and  apparatus  are  discussed,  followed  by  sample  preparation.  Chapter  4 
presents  experimental  results  on  the  diamagnetic  responses  of  granular,  and 
inhomogeneous  superconducting  samples.  Chapter  5  presents  experimental  results  for 
samples  exhibiting  higher  phases.  Chapter  6,  the  conclusions  of  this  study  are 
suimnarized  and  future  directions  for  the  higher  phases  are  proposed. 


Chapter  2 


DIAMAGNETIC  CHARACTERISTICS  AND  LAYERED  STRUCTURES 

2.1  Meissner  effect  and  the  magnetic  penetration  depth 

In  1933,  W.  Meissner  and  R.  Ochsenfeld^  made  a  significant  discovery  using  a  single 
crystal  of  tin.  They  found  in  low  magnetic  fields  that  superconducting  tin  expelled  the 
magnetic  flux  when  it  was  cooled  below  T^,  whereas  a  perfect  conductor  would  conserve 
it.  Thus  superconductor's  ability  to  expel  flux,  now  known  as  the  Meissner  effect,  is  a 
fundamental  magnetic  property  of  superconductivity  and  has  been  considered  to  be 
essential  for  the  establishment  of  superconductivity  in  a  material.  A  complete  Meissner 
effect  is  not  usually  found  in  type-II  superconductors  as  the  presence  of  flux  pinning  sites 
prevents  all  the  magnetic  vortices  from  being  expelled.  Similarly,  alloys  and 
inhomogeneous  superconductors^  fail  to  exhibit  a  significant  Meissner  effect.  Thus  a 
material  does  not  necessarily  require  a  Meissner  effect  in  order  to  be  considered  a 
superconductor.  However,  the  measurement  of  a  diamagnetic  response  or  Meissner  effect 
is  a  sufficient  condition  for  establishing  a  sample  to  be  a  superconductor. 

According  to  the  Meissner  effect,  B  =  0  in  the  interior  of  a  superconductor  provided  the 
applied  field  is  less  than  the  critical  value  H^j.  This  is  made  possible  by  the  induced 
surface  current  which  circulates  to  expel  the  external  field.  This  is  also  true  even  if  the 
field  was  already  present  in  the  material  during  the  cooling  through  T^,.  The  thickness  of 
the  region  of  the  sample  measured  from  the  surface  through  which  the  surface  current 
flows  is  called  the  penetration  depth  of  the  magnetic  field. 

In  1935,  F.  and  H.  London^  proposed  a  phenomenological  theory  based  on  the  two- 
fluid-model  to  understand  the  Meissner  effect.  If  n^  is  the  fraction  of  superconducting 
electrons  out  of  a  total  density  of  n  conduction  electrons,  then  the  superconducting  current 
density  is  given  by  =nj  e  and  the  equation  of  motion  can  be  written  as 
m  dv^/dt  =  e  E  where  is  the  velocity  of  superconducting  electrons.  These  two 


6 


7 


equations  yield 


dJt  n^e 


2 

^  --^E. 

at  m 


(2.1) 


Combining  Eq.  2.1  with  V  x  E  =  - 


|_[jn^(VxJ3)  +  B]  =  0 
dt  n^e^ 


(2.2) 


The  Londons  noticed  that  in  order  to  obtain  the  characteristic  diamagnetic  behavior  of  a 
superconductor,  the  following  particular  solution  should  be  considered: 


T  tl-  e 
^  me 


(2.3) 


This  is  the  London  equation  which  describes  the  electrodynamics  of  a  superconductor. 
Also,  Eq.  2.3  leads  to  the  concept  of  flux  expulsion  and  the  definition  of  the  penetration 
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depth.  By  substituting  Eq.  2.3  into  V  x  B  =  — ^ ,  we  obtain 

V 
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V  B  = 


where  the  London  penetration  depth,  is  given  by 


(2.4) 


m  c 
dttn^e^ 


(2.5) 


The  solution  of  Eq.  2.4  for  an  infinitely  long  superconducting  slab  whose  surfaces  are  at 
right  angles  to  the  x-axis  and  parallel  to  the  magnetic  field  along  the  z-axis  is 


B(z)  =  B(0)  expf- 


V 


(2.6) 
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where  B(0)  is  the  magnetic  field  at  the  interface.  Hence  Eq.  2.6  indicates  that  the  magnetic 
field  decays  from  the  surface  into  the  superconductor  exponentially.  The  penetration  depth 

describes  how  far  the  magnetic  field  extends  into  the  superconductor,  or  how  deep  the 
shielding  currents  flow.  In  general,  the  field  variation  depends  on  the  sample's  shape  and 
the  type  of  superconductor.  Thus  the  London  equation  gives  a  simple  picture  of  the 
Meissner  effect. 

As  can  be  seen  from  Eq.  2.5,  "'ill  increase  towards  infinity  as  T  approaches  T^. 
since  the  superconducting  electron  density  n^  will  decrease  towards  zero  at  T^..  The 
temperature-dependent  expression  for  is  thus  given  by 


For  T  <  T^,  Al  decreases  rapidly,  leading  to  the  exclusion  of  flux  from  the  bulk  of  the 
sample.  Whereas  for  T  >  T^,  no  flux  is  excluded  since  A^  is  infinite.  For  YBa2Cu307.5, 
the  penetration  depth  for  both  the  a-b  plane  and  along  the  c-axis  have  been  determined'^’^ 
to  have  the  values  A-^i,  (0)  =  1400  A  and  A.^.  (0)=  8000  A.  The  penetration  depth  (at  higher 
temperatures)  in  YBa2Cu307.§  for  fields  in  the  a-b  plane  has  interesting  implications  for 
the  flux  pinning  and  the  Meissner  effect.  When  A^  becomes  comparable  to  the  sample 
dimension  or  on  the  order  of  the  grain  size  in  fine-grained  polycrystalline  samples,  the 
external  field  will  penetrate  and  the  Meissner  effect  will  be  greatly  reduced.  To  further 
understand  such  effects,  it  is  seen  that  the  exponential  behavior  of  the  field  (see  Eq.  2.6) 
on  the  surface  of  the  superconductor  gives  rise  to  a  suppression  in  the  diamagnetic 
susceptibility  or  a  reduction  in  the  Meissner  effect.  This  suppression  depends  on  the 
geometry  and  the  ratio  of  penetration  depth  to  thickness.  Calculations^  of  the  suppression 
for  various  shapes  of  samples  show  that  it  increases  the  fastest  in  the  range  of  aAt  (where 
a  is  the  dimension  of  the  sample)  from  10  to  0.1  with  the  largest  suppression  occurring  in 
the  following  order  of  sample  shapes:  sphere  >  cylinder  >  slab.  This  can  be  easily 
understood  for  a  fixed  penetration  depth  as  the  field  penetrates  a  larger  portion  of  the  total 
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volume  of  the  sample  in  each  geometry  in  the  above  given  order.  For  example,  since  a 
sphere  has  the  greatest  surface  to  volume  ratio,  it  exhibits  the  largest  suppression.  Thus 
this  result  could  possibly  be  utilized  to  understand  the  higher-T^,  properties  in  the  multi¬ 
phase  materials  since  the  materials  exhibiting  higher  show  reduced  or  non-measurable 
diamagnetism. 


2.2  Coherence  length 

In  addition  to  the  penetration  depth,  the  coherence  length  (^)  is  a  second  length  scale 
used  to  characterize  a  superconductor.  There  are  several  ways  to  define  coherence  length, 
one  of  which  describes  how  the  superconducting  order  parameter  varies  in  space.  Since 
we  are  dealing  with  type-II  superconductors,  the  intrinsic  coherence  length  is  shorter 
than  the  penetration  depth  and  is  given  by 


hv. 


7tE„ 


(2.8) 


where  Eg  is  the  energy  gap  and  Vp  is  the  Fermi  velocity. 

Since  the  energy  gap  has  a  temperature  dependence,  the  coherence  length  will  also  be 
temperature  dependent  and  is  given  by 


^(T)  = 


(2.9) 


For  T  T(,,  Eg  —  0  so  that  ^(T)  diverges  as  (Tc-T)"^^^.  In  dirty  superconductors,  where 
the  electrons  belonging  to  a  Cooper  pair  are  scattered  by  the  impurities  present  in  the 
material,  the  coherence  length  is  reduced  by  electron  scattering  and  it  becomes  dependent 
on  the  mean  free  path  1  through  the  expression^ 


1  =  J-  + 

which  gives  ^  ~  1  in  the  extreme  dirty  limit. 
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(2.10) 
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2.3  Perovskite-type  superconducting  structures 

2.3.1  YBa2Cu307.5  Structure 

As  stated  previously,  a  common  feature  of  these  so-called  high-transition-temperature 
oxide  superconductors  is  the  presence  of  periodically  stacked  CUO2  planes  in  the 
perovskite  structure.  The  ideal  perovskite  structure,  which  is  cubic  with  lattice  parameters 
a  =  b  =  c,  consists  of  a  ratio  of  two  metal  atoms  for  three  oxygen  atoms  (ABO3).  The  unit 
cell  contains  one  formula  unit  ABO3  with  the  large  metallic  atom  A  in  the  body  center,  the 
smaller  metallic  atom  B  on  each  apex  and  the  oxygen  atoms  on  the  center  of  each  edge  of 
the  cube.  Since  the  ideal  structure  is  symmetric  it  has  three  dimensional  isotropy. 
However,  any  variation  in  the  structure  would  lead  to  differences  in  many  of  the  physical 
properties  of  the  material.  The  high-T,,  oxides  represent  such  a  defect  structure  of  the  ideal 
perovskite.  Rather  than  reviewing  all  of  the  various  structures,  we  wiU  focus  on  the 
YBa2Cu307.5  (the  so-called  1-2-3  compound)  structure  initially. 

For  the  1-2-3  superconducting  phase,  three  of  these  ABO3  unit  cells  are  vertically 
stacked  to  form  the  structure  with  the  A  site  occupied  by  barium  on  the  two  end  cells  and 
by  yttrium  in  the  center  cell,  while  copper  occupy  all  of  the  B  sites.  During  the  synthesis 
process  oxygen  is  removed  which  results  in  an  oxygen-deficient  perovskite  structure.  The 
number  of  oxygen  sites  which  are  unoccupied  is  crucial  to  the  superconducting  behavior 
of  the  compound.  This  is  clearly  evident  from  the  two  structures  that  the  1-2-3  compound 
forms.  For  5  <  0.5  the  structure  formed  is  orthorhombic  and  exhibits  superconductivity, 
but  when  enough  oxygen  is  removed  so  that  8  >  0.5,  the  structure  becomes  tetragonal  and 
loses  its  superconducting  properties. 

We  see  from  Fig.  2.1  that  the  oxygen  sites  between  Cu  ions  are  occupied  in  the  b 
direction  in  the  end  plane,  this  gives  rise  to  Cu-O-Cu-0  chains  along  the  b-axis.  The 
vacant  sites  along  the  a-axis  cause  the  unit  cell  to  compress  slightly  along  the  a-axis 
which  results  in  the  orthorhombic  structure  with  a  <  b  and  the  CUO2  planes  below  and 
above  the  yttrium  atom  corrugate  towards  each  other,  whereas  the  end  plane  copper  and 
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Fig.  2.1.  Schematic  illustration  of  the  structure  YBa2Cu307.5. 
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oxygen  are  in  a  perfectly  flat  plane.  The  two-dimensional  infinite  Cu02  planes  are  the 
regions  where  superconductivity  is  believed  to  reside  and  these  superconducting  planes  are 

g 

separated  by  charge  reservoir  layers  that  control  the  charge  on  the  superconducting 
planes.  The  two  CUO2  planes  are  separated  by  3.18  A  across  the  Y  atom  and  4.25  A  from 
the  CuO  chains  as  shown  in  the  Fig.  2.1.  These  planes  are  spaced  equally,  perpendicular 
to  the  c-axis.  This  important  characteristic  makes  the  1-2-3  compound  a  layered 
superconductor.  The  lattice  parameters  for  the  orthorhombic  stmcture^  are  a  =  3.823  A, 
b  =  3.887  A  and  c  =  11.680  A. 

For  these  perovskite  type  superconductors  the  coherence  length  ^  is  found  to  be  very 
short.  For  example,  YBa2Cu307.5  has  ^(0)  ~  3  A  and  ^ab(O)  ~  15  A.  Thus  ^^(0)  is 
practically  equal  to  the  spacing  between  adjacent  CUO2  planes. 

2.3.2  Other  YBaCuO  Structures 

YBa2Cu40g  (1-2-4)  was  first  observed^®  in  YBa2Cu307.5  as  a  lattice  defect  structure. 
Today  there  are  variety  of  methods  to  synthesize  bulk  1-2-4  compound.  It  has  an 
orthorhombic  structure  similar  to  YBa2Cu307.5.  In  1-2-4  double  chains  are  formed  from 
CUO4  units  that  share  edges,  whereas  in  1-2-3  the  chains  are  formed  by  CUO4  units  that 
share  comers.  The  1-2-4  has  a  T^  of  about  80  K.  High  pressure  treatment  of  1-2-3  yields 
Y2Ba4Cu70i4+§  (2-4-7)  with  T^-'s  in  the  range  of  40  to  80  K  depending  strongly  on  the 
oxygen  stoichiometry.  The  2-4-7  structure  may  be  viewed  as  a  combination  of  ordered 
1-2-3  plus  1-2-4  where  the  chains  alternate  between  single  comer-shared  ones  and  double 
edge-shared  ones.  The  lattice  parameters  a  and  b  for  both  1-2-4  and  2-4-7  are  almost  the 
same  as  1-2-3  but  the  c-axes  are  larger  (27.24  A  and  50.29  A  respectively),  this  is  in 
order  to  accommodate  the  additional  chains.  YBa2Cu509  (1-2-5)  is  another  defect  phase 
which  was  first  observed^  ^  in  decomposed  1-2-4  sample.  It  has  a  perovskite  stmcture 
with  c-axis  lattice  parameter  of  15.6  A  and  contains  three  CuO  chains,  whereas  1-2-3  has 
one.  To  date,  a  bulk  material  containing  only  the  1-2-5  phase  has  not  been  synthesized 
and  the  corresponding  T^,  is  undetermined. 
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The  structures  of  1-2-3, 1-2-4  and  2-4-7  of  YBaCuO  all  have  the  same  number  of 
Cu02  planes  which  are  consecutively  stacked  and  separated  by  a  single  Y  atom.  The 
highest  T^;  in  the  YBaCuO  compounds  is  observed  in  1-2-3  with  T^.  =  92  K,  followed  by 
1-2-4  (T(.  =  80  K)  and  2-4-7  having  T^.  in  the  range  of  40  to  80  K.  It  should  be  noted  that 
n  is  the  same  in  aU  of  these  compounds  (n=2  for  the  general  formula 
(Cu0)jnBa2Yj,_iCUn02+2n)  evidently  the  bridging  (CuO)^,  chain  stmcture  influences 
the  Tj.  for  each  compound.  In  the  other  high-T,,  superconducting  systems  of  BiSrCaCuO, 
TlBaCaCuO,  and  HgBaCaCuO,  the  T^.  is  more  influenced  by  the  addition  of  Cu02  planes. 
For  example,  in  the  Tl2Ba2Can.iCUn04+2n  system,  T^,  can  be  found  to  be  at  95  K,  1 18  K, 
125  K,  1 12  K,  and  105  K  for  n  =  1,  2,  3, 4,  5  respectively;  while  for  the 
TlBa2Can.iCUn03+2n  System,  T^  =  103  K,  123  K,  112  K,  and  107  K  for  n  =  2,  3,  4,  and 
5  respectively.  It  is  interesting  to  note  that  the  T^'s  in  theTl  materials  initially  increase  with 
n,  and  then  are  maximized  for  n  =  3.  This  maximum  T^  for  n  =  3  is  also  observed  for  the 
Bi2Sr2Can.iCun04+2n  (Tc  =  110  K  for  n  =  3)  and  the  HgBa2Can.jCUn03+2n  (Tg  =  135  K 
for  n  =  3)  system.  Thus  the  simple  inclusion  of  additional  CUO2  layers  with  Ca  spacers 
does  not  produce  higher  and  higher  T,,.  In  fact,  researchers  have  been  successful  in 
attaining  the  infinite  limit  (n  —  0°)  of  these  series,  the  so-called  infinite-layer  material 
consisting  of  CUO2  planes  separated  by  alkaline  ions  of  Ca,  Ba,  or  Sr.  The  highest  T^. 
observed  in  these  infinite-layer  materials  is  1 10  K  for  the  defect  (Caj.^Sr^)  j_yCu02 
(y  ~  0.1)  structure.  Thus  other  effects  such  as  the  lattice  corrugation  of  the  CUO2  planes 
may  play  an  important  role  in  determining  the  highest  T^  in  each  of  these  perovskite 
systems. 

2.4  Diamagnetic  properties  of  layered  structures 

Since  the  intrinsic  structure  of  high-Tj.  oxide  superconductors  is  layered  with 
periodically  stacked  superconducting  CUO2  planes,  the  coupling  between  superconducting 
regions  may  play  an  important  role  in  the  measured  diamagnetic  responses  for  these  types 
of  samples.  Similarly,  the  coupling  between  any  extrinsic  layered  superconducting 
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regions  must  also  be  considered.  The  coupling  between  layers  depends  on  the  layer 
spacing  and  the  coherence  length.  When  ^  ,  »  s  (where  is  the  Ginzburg-Landau 
coherence  length  perpendicular  to  the  planes  of  the  superconducting  layers  and  s  the 
thickness  of  the  normal  or  insulating  layer  separating  the  superconducting  regions),  the 
layers  are  coupled  and  superconducting  behavior  of  the  bulk  sample  is  exhibited.  This 
condition  is  always  valid  when  T  ^  T,,,  as  the  coherence  length  tends  to  infinity.  For 
^  I  «  s,  the  layers  become  decoupled  and  each  layer  becomes  isolated  from  the  rest. 

Thus  the  superconducting  behavior  is  just  the  collective  sum  of  the  behavior  of  the 
individual  layers.  The  properties  of  these  layered  stmctures  for  the  different  limiting 
conditions  are  usually  explained  in  terms  of  the  Lawrence-Doniach  model  or  the 
Ginzburg-Landau  model.  In  order  to  investigate  whether  a  given  system  exhibits 
three-dimensional  (3-D)  or  two-dimensional  (2-D)  behavior  it  is  beneficial  to  perform 
magnetization  measurements  for  magnetic  fields  both  parallel  and  perpendicular  to  the 
planes  of  the  superconductor.  This  brings  into  play  the  penetration  depths  ( X.  n  and  X  , ) 
as  well  as  the  coherence  lengths  ^  and  the  dimensions  of  the  layer  spacing  which 
determine  the  nature  of  coupling  between  the  planes. 

For  a  "bulk-like"  superconductor,  the  magnetization  in  the  Meissner  state  for  a  type-II 
superconductor  can  be  expressed  as  follows 

M  =  forH<(l-N)H,i  (2.11) 

where  Vgff  is  the  effective  superconducting  volume  taking  into  account  the  penetration 
depth  effects,  N  is  the  demagnetizing  factor,  and  H^j  is  the  lower  critical  field  for  complete 
flux  exclusion.  The  demagnetizing  factor  N  is  a  geometric  effect  and  it  relates  the  field 
inside  a  material  to  the  externally  applied  magnetic  field.  Now  consider  the  geometry  of  a 
planar  layered  stmcture  to  be  as  follows:  d  is  the  thickness  of  the  superconducting  layer 
with  width  w  and  s  the  separation  between  the  layers. 
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Case  I.  ^  »  s 

Since  the  coherence  length  extends  over  many,  many  layers,  the  sample  exhibits  a 
bulk-like  behavior  and  the  magnetization  is  given  by  Eq.  2.1 1. 

Case  11.  For  ^  ~  s 

Since  the  coherence  length  extends  over  one  layer  separation  distant,  the  layers  are 
weakly  coupled,  perhaps  Josephson  coupled  depending  upon  the  properties  of  the  normal 
separation  layer.  The  magnetization  is  then  dependent  upon  the  field  orientation  with 
respect  to  the  layers.  The  magnetization  for  a  field  H  perpendicular  to  the  layers  is  given 
by 

where  t  is  the  overall  thickness  of  the  sample  and  the  demagnetizing  term  (1-N)  ~  (t/  w). 

If  the  lateral  dimensions  are  greater  than  the  then  Vgff  is  essentially  the  volume  of  the 
sample,  i.e.  Vgff  =  t  w^  for  a  square  slab. 

For  a  field  H  parallel  to  the  layers,  the  magnetization  is 

V 

M  =  -^H  forH<H,j  (2.13) 

as  N  ~  0.  Here  is  the  Josephson  lower  critical  field.  For  an  applied  field 
H  (  <  Hgjj )  the  induced  current  restricts  the  field  penetration  to  a  depth  of  A,j  which  is  the 
Josephson  penetration  depth  and  the  sample  remains  in  the  Meissner  state  owing  to  the 
Josephson  coupling  between  the  superconducting  layers.  It  should  be  noted  that  Vgff  is 
reduced  from  (t  w^)  due  to  X,j.  The  more  general  expression  would  be 

V„  f  f2X,'j 

M  =  -^H  1  -  tanh 

4  71  V  t  y  V  Jy 


(2.14) 
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Let  us  consider  the  following  two  situations: 

When  « t,  tanh  (t  /2?ij)  —  1,  which  simplifies  the  above  equation  to 


M  =  -  H 

1  - 

+  . 

4  7C 

1  t  ) 

When  A.J  »  t,  Eq.  2.14  becomes 

V 


M  = 


eff 


4  n 


H 


4 


+ 


Case  III.  For  ^  «  s 

In  this  case  the  diamagnetic  properties  are  determined  by  the  individual  layers.  Since 
the  superconducting  layers  are  decoupled,  the  magnetization  for  a  single  layer  with  a  field 
perpendicular  to  the  layers  is  given  as  follows 


(2.15) 


and  the  total  sample  magnetization  can  be  expressed  as 

M  =  =  forH<(f)H^,.  (2.16) 

In  this  situation  Vgff  =  d  w^,  if  d  >  It  should  be  noted  that  experimental  values  for  the 

field  are  typically  much  greater  than  (d/w),  hence  it  is  fairly  difficult  to  measure  a  full 
Meissner  diamagnetic  response  for  a  very  thin  film  superconductor  when  H  is 
perpendicular  to  the  layers.  If  d  <  then  a  suppression  occurs  in  the  Meissner  response 
due  to  the  penetration  depth  effect  as  discussed  previously  in  section  2.1. 

For  the  case  of  the  applied  field  H  ( <  H^.,)  parallel  to  the  layers  of  the  superconductor. 


the  magnetization  is  given  by 
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r  A  \ 


tanh 


(2.17) 


M  =  XM,  =IM, 

layer  layer  4 


(2\] 

r  d  y 

1  - 

L 

[  d  j 

tanh 

where  is  the  London  penetration  depth. 


2.4.1  Interlayer  Coupling  in  the  Cuprate  Superconductors 

In  YBa2Cu307.§  the  immediately  adjacent  CUO2  planes  are  approximately  3.2  A  (  =  d) 
apart  and  each  pair  of  these  planes  are  separated  by  more  than  8  A  (=  s).  Thus  the 
coherence  length  ^c(T=0)  (~  3  A)  is  practically  equal  to  the  spacing  between  adjacent 
planes  but  smaller  than  the  separation  spacing  of  8  A,  i.e.  ^  s.  As  we  see  from  the 
preceding  discussion,  the  superconductivity  in  1-2-3  at  very  low  temperature  could  be 
described  in  terms  of  weakly  coupled  superconducting  layers.  With  increasing  T, 
increases  and  the  sample  should  eventually  exhibit  a  more  bulk-like  behavior.  However, 
current- voltage  (I-V)  characteristic  measurements^^  on  1-2-3  single  crystals  and  a-axis 
oriented  thin  films  suggest  that  perhaps  1-2-3  is  not  Josephson  coupled  due  to  the  CuO 
chains  being  weakly  superconducting  layers  which  give  rise  to  a  type  of  S-S'-S  structure. 
Alternately  the  CuO  chains  may  be  normal  regions  and  thus  the  Josephson  properties  in 
YBaCuO  may  be  different  from  those  properties  associated  with  intrinsic  S-I-S  junctions 
found  in  the  BiSrCaCuO  and  TlBaCaCuO  materials. 

For  the  highly  anisotropic  Bi-  and  Tl-  compounds,  the  coherence  length  along  the 
c-axis  is  considerably  smaller  than  the  distance  between  the  CUO2  layers.  For  instance, 

is  on  the  order  of  1  A^^  for  Bi2Sr2CaCu208,  which  is  much  less  than  the  distance  of 
12  A  between  the  paired  CUO2  layers,  i.e.  ^  <  s.  This  suggests  that  the  superconducting 
properties  can  be  explained  in  terms  of  a  Josephson  coupling  between  the  paired  CUO2 
layers  as  in  the  Lawrence-Doniach  model.  A  magnetization  study  on  a  Bi2Sr2CaCu208 
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single  crystal  by  Nakamura  et  al.*^  have  shown  the  existence  of  weak  coupling  between 
the  ab-planes  of  CUO2.  This  coupling  is  manifested  by  a  reduction  of  the  Meissner 
response  by  the  appearance  of  flux  penetration  when  H  exceeds  H^jj.  Furthermore,  Zuo 
et  al.^*  observed  a  similar  behavior  in  the  magnetization  of  a  single  crystal  of 
Ndj  gsCeg  15CU2O4.X  which  showed  a  Josephson  decoupling  for  increasing  fields 
parallel  to  the  ab-plane.  For  H<  H^jj  the  specimen  displayed  a  full  Meissner  response 
which  decreased  rapidly  to  zero  for  H  >  Thus  these  results  indicate  that  the 
interlayer  coupling  can  play  an  important  role  in  the  superconducting  properties  of  these 
layered  cuprate  superconductors. 


Chapter  3 


EXPERIMENTAL  PROCEDURES  AND  SAMPLE  PREPARATION 

Superconductivity  can  be  detected  by  the  presence  of  diamagnetism  and  consequently 
magnetization  studies  provide  a  convenient  means  for  investigating  the  high  temperature 
superconductors.  Many  important  superconducting  characterization  parameters  are  also 
accessible  through  the  investigation  of  their  magnetic  response  in  conjunction  with  other 
physical  properties.  For  instance,  magnetic  penetration  depths  can  be  determined  from  the 
temperarnre  dependence  of  the  magnetization.  In  addition,  dc  magnetization  and  complex 
susceptibility  can  provide  information  about  the  hysteretic  behavior  of  the  sample  and  the 
nature  of  coupling  in  the  material.  Magnetization  and  susceptibility  measurements  on 
superconductors  detect  signals,  usually  inductively,  that  originate  from  circulating 
persistent  steady  currents,  in  addition  to  any  magnetic  properties  of  the  material. 

In  order  to  fully  understand  the  various  properties  and  features  exhibited  by  the  sample 
it  is  important  to  investigate  the  structure  and  the  phase  responsible  for  such  features. 
X-ray  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  and  energy 
X-ray  spectroscopy  (EDS)  are  useful  and  powerful  techniques  to  gather  information  on  the 
microstructure,  surface  topography,  and  the  composition  of  the  sample.  In  addition, 
differential  thermal  analysis  (DTA)  can  provide  information  as  to  the  material  synthesis 
conditions.  Thus,  all  of  the  above  techniques  can  be  used  at  various  stages  of  the 
synthesis  to  improve  the  quality  of  the  superconducting  sample  and  its  properties. 

3.1  DC  Magnetization  Measurements 

An  important  magnetic  parameter  is  the  magnetization  M,  which  is  related  to  the 
susceptibility  through  the  expression.  My  =  xH.  For  a  perfect  superconductor  in  a 
magnetic  field  of  H,  B  =  0  =  H  +  4;cMy.  Thus  47i:My  =  -H,  and  we  say  the  sample  is  a 
perfect  diamagnet  having  susceptibility  x  =  -l/4jr  (per  unit  volume)  in  cgs  units. 
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However  the  susceptibility  at  a  given  field  H  and  temperature  T  in  the  superconducting 
state  depends  upon  the  temperature  and  field  history  of  the  superconductor  to  reach  the 
desired  H  and  T  values.  Correspondingly  the  two  types  of  measurements  employed  most 
frequently  in  this  thesis:  the  zero-field  cooling  (ZFC)  and  field-cooling  (FC) 
magnetizations,  should  be  dependent  on  the  sample’s  prior  history. 

A  ZFC  measurement  is  performed  by  first  cooling  the  sample  to  a  temperature  far 
below  in  the  absence  of  a  magnetic  field,  turning  on  the  magnetic  field,  and  then 
measuring  the  magnetization  as  a  function  of  increasing  temperature  as  the  sample  is 
warmed  from  its  superconducting  to  its  normal  state.  In  this  situation  an  "ideal  bulk" 
sample  (dimension  s  »  A^)  exhibits  diamagnetic  shielding  or  flux  exclusion,  in  other 
words  the  field  fails  to  penetrate  the  sample.  At  very  low  applied  fields  the  ZFC 
susceptibility  approaches  -1/4k. 

A  FC  measurement  consists  of  applying  a  magnetic  field  to  the  sample  in  the  normal 
state  and  cooling  down  in  the  presence  of  the  field.  FC  magnetization  is  usually  measured 
at  various  temperatures  during  the  warming  process  to  its  normal  state.  Under  these 
conditions  the  sample  exhibits  flux  expulsion  or  the  Meissner  effect.  The  "Meissner 
fraction"  a  defined  as  Mpj^  /  H  =  -0/4%  is  usually  less  than  one  due  to  the  trapping  of  flux 
during  the  cooling  process. 

The  magnetization  is  measured  by  using  a  Quantum  Design’^^  MPMS  SQUID 
(Superconducting  QUantum  Interference  Device)  magnetometer^  with  some  modifications. 
The  MPMS  dewar  is  surrounded  with  a  19-in.  diameter  mu-metal  cylinder  which 
attenuates  the  earth's  field  to  16  mOe  at  the  sample  location.  In  addition  a  copper- wire 
solenoid  has  been  constructed  on  the  experimental  sample  chamber^  (see  Fig.  3.1)  to 
permit  further  attenuation  of  the  field  to  less  than  1  mOe  during  the  zero-field  cooling  and 
to  produce  fields  up  to  20  Oe.  The  system  has  the  capabUity  of  measuring  magnetization 
both  as  a  function  of  magnetic  field  (0  to  5.5  Tesla)  and  temperature  (2  to  400  K)  with  a 
resolution  of  10'*  emu.  The  MPMS  SQUID  system  consists  of  a  highly  balanced 
second-derivative  detector  coil  configuration  (see  Fig.  3.2),  in  which  the  upper  and  lower 
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Fig.  3.1  Schematic  of  the  copper-wire  solenoid. 
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coils  of  a  single-turn  are  counterwound  with  respect  to  the  two-turn  center  coil  as  indicated 
by  the  arrows,  and  the  SQUID  sensor  coupled  to  control  electronics.  The  detector  coils 
and  the  SQUID  sensor  are  coupled  through  a  superconducting  isolation  transformer  with  a 
heater.  This  arrangement  allows  the  system  to  operate  in  very  noisy  environments  without 
experiencing  flux  jumps  while  sample  measurements  are  being  performed. 

The  general  measurement  technique  used  in  the  system  is  to  allow  the  sample  to  move 
upward  through  the  second-derivative  detector  coil  arrangement  while  the  output  of  this 
coil  is  fed  into  the  SQUID.  As  the  sample  moves,  the  output  of  the  SQUID  detector  is 
repeatedly  read  by  the  computer's  data  acquisition  system.  The  raw  data  are  a  set  of 
voltage  readings  taken  as  a  function  of  position  over  the  total  scan  length.  The  magnetic 
moment  is  then  calculated  through  an  iterative  regression  fitting  routine  from  the  raw  data 
by  assuming  the  voltage  arises  from  a  point  dipolar  moment  with  a  linear  time-dependent 
background.  It  must  be  noted  that  the  assumption  of  a  dipolar  response  for  a 
superconducting  material  is  only  acceptable  in  selective  shapes  and  samples.  The  system 
software  also  provides  various  data  analysis  schemes. 

Sample  holder 

The  sample  rod  shown  in  Fig.  3.3  consists  of  an  upper  section  of  stainless  steel  tube  of 
length  1.0  m  and  a  bottom  section  of  brass  of  length  20.5  cm.  The  stainless  steel  is  used 
for  strength  and  low  thermal  conductivity.  The  brass  is  used  in  order  to  minimize  the 
magnetic  signal  in  the  SQUID  detector  caused  by  the  sample  support  tube.  The  stainless 
tube  carries  the  sliding  clamp  near  the  upper  end  which  attaches  the  sample  rod  to  the 
Sample  Transport  mechanism,  and  a  slide-seal  assembly  which  provides  vacuum  seal. 

The  sample  to  be  measured  is  placed  inside  a  quartz  tube  of  length  21.0  cm  and  held  at 
the  center  of  the  tube  by  two  polychlorotrifluoroethylene  (commonly  called  Kel'f)  disks 
one  above  and  the  other  below  the  sample  and  by  two  small  quartz  tubes  of  lengths  10.0 
cm  kept  above  and  below  the  disks  which  clamp  the  sample.  Kel'f  is  a  suitable  material 
because  of  its  small  and  weakly  temperature-dependent  susceptibility.^  The  bottom  of  the 
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SQUID  AMPLIFIER 


Fig.  3.2.  Schematic  showing  second-derivative  detector  array  and  the  SQUID 
sensor.  The  arrows  indicate  that  the  direction  of  the  windings  of  the 
middle  coil  is  in  a  direction  opposite  to  those  in  the  top  and  bottom  coils. 
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Fig.  3.3.  Schematic  of  the  sample  support  assembly. 


25 


quartz  tube  is  sealed  using  teflon  tape.  The  quartz  carrying  the  sample  is  then  attached  to 
the  lower  end  of  the  sample  rod  by  a  long  piece  of  thread  which  passes  through  holes  in 
both  the  brass  and  the  quartz  tubes.  The  thread  is  made  longer  so  that  the  end  of  the 
sample  rod  is  further  away  from  the  sensing  coils.  The  field  profile  in  the  coils  indicate 
that  B  has  a  0.2  %  variation  over  a  distance  of  3.0  cm  which  is  symmetric  about  the  center 
of  the  coil.  Thereafter  B  drops  rapidly  towards  each  end  of  the  coil.  Any  spurious 
signals  that  may  arise  from  edge  effects  is  avoided  by  making  the  length  of  the  quartz  tube 
longer  (20.0  cm)  than  the  detection  coil  separation  of  3.0  cm.  Furthermore,  the  signal 
arising  from  the  quartz  tube  alone  is  M  ~  10'^  emu  for  a  field  of  5  Oe  which  is  quite 
acceptable  compared  to  the  resolution  of  the  instrument. 

3.2  AC  Susceptibility  Measurements 

In  ac  susceptibility  measurements,  the  magnetization  of  the  sample  is  periodically 
changed  in  response  to  an  applied  ac  field,  thereby  a  dynamic  magnetic  measurement  is 
performed.  The  magnetic  response  of  the  sample  to  the  magnetic  field  can  be  determined 
as  a  function  of  the  temperature  or  the  applied  magnetic  field  and  thus  provide  information, 
not  only  about  the  transition  characteristics  but  also  the  nature  of  coupling  in  the  material. 

The  magneto-dynamics  are  studied  through  the  complex  susceptibility  x'-t-i  x"-  The 
real  or  inductive  component  %'  represents  the  susceptibility  which  is  in-phase  with  the 
applied  ac  field,  while  x"  represents  the  imaginary  resistive  component  of  the 
susceptibility  resulting  from  dissipative  processes  such  as  relaxation  or  hysteresis,  which 
causes  the  magnetization  to  be  out-of-phase  with  the  applied  field. 

The  ac  susceptibility  of  the  YBaCuO  materials  was  measured  using  a  homebuilt  ac 
susceptometer.  An  important  feature  of  the  susceptometer  is  that  both  in-phase  (x')  and 
out-of-phase  (x")  components  of  susceptibility  can  be  measured  simultaneously.  The 
separation  of  the  components  is  achieved  by  measuring  the  respective  voltages  induced  in 
the  secondary  coils,  see  Fig.  3.4,  using  a  dual-phase  sensitive  detector.  In  order  to 
separate  the  components,  the  phase  angle  between  the  sample  signal  and  reference  input  to 
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Fig.  3.4.  Experimental  setup  for  ac  susceptibility  measurement. 
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the  lock-in  analyzer  must  be  determined.  Phasing  was  performed  using  a  paramagnetic 
test  sample  with  a  known  %"  =  0. 

3.3  Physical  Characterization  of  Samples 

3.3.1  Differential  Thermal  Analysis  (DTA)  and  Thermogravimetry  (TG) 

DTA  measures  the  temperature  difference  between  the  sample  and  the  reference  material 
as  a  function  of  temperature  as  the  sample  is  heated,  cooled,  or  held  at  constant 
temperature.  This  thermal  technique  provides  valuable  information  on  the  thermal  history 
of  the  sample  over  the  temperature  range  of  interest,  determines  the  transformation  and 
reaction  temperatures,  and  determines  whether  these  thermal  properties  are  endothermic  or 
exothermic.  Thermogravimetry  (TG)  is  a  technique  for  measuring  the  amount  or  the  rate 
of  change  in  the  weight  of  a  material  as  a  function  of  temperature  in  a  controlled 
environment.  TG  measurements  can  be  used  to  characterize  materials  that  show  weight 
loss  or  gain  due  to  decomposition  or  oxidation. 

The  information  obtained  from  DTA  and  TG  can  be  used  to  set  the  correct  temperature 
ranges  in  the  heating  schedule  for  the  sample  fabrication  process  and  thereby  achieve  the 
right  composition  and  structure  necessary  for  synthesizing  superconducting  phases. 
Thermal  analyses  wiU  be  done  using  a  Netzsch™  STA  409  apparatus.'^  This  consists  of 
two  essential  components:  a  high-sensitive  analytical  balance  and  furnace.  The  balance  is 
capable  of  detecting  weight  changes  as  small  as  1  p,g  with  a  maximum  capacity  of 
500  mg.  The  furnace  has  the  capability  of  operating  over  the  broad  temperature  range 
from  ambient  to  1500°C  with  heating  rates  from  0.2  to  99.0°C  per  min.  A  cutaway 
diagram  of  the  furnace  is  shown  in  Fig.  3.5.  In  addition,  different  mixtures  of  gases  are 
able  to  flow  through  the  sample  compartment  for  controlled  environment  experiments. 

The  DTA/TG  system  is  interfaced  with  an  IBM-compatible  for  data  acquisition  and 
analysis. 
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3.3.2  X-ray  Diffraction  Analysis 

The  purpose  of  X-ray  diffraction  (XRD)  is  to  identify  crystalline  phases  in  a  sample 
and  to  determine  lattice  parameters.  When  a  crystal  is  placed  in  the  path  of  X-ray 
radiation,  the  atoms  on  various  crystal  planes  are  able  to  diffract  the  radiation  at  a  specific 
angle.  Therefore  a  plot  of  20  (  0  -incidence  angle)  versus  radiation  intensity  maps  the 
crystal  structure.  When  a  monochromatic  X-ray  beam  of  wavelength  1  incident  upon  the 
crystal  planes,  the  beam  is  scattered  in  all  direction.  For  diffraction  to  occur,  the  beam 
must  satisfy  Bragg's  law,  given  by 

2dsin0  =  nX,  (3.1) 


where, 

d  -  lattice  spacing 
0  -  incidence  angle 
n  -  order  of  reflection 

X  =  1.5405  A  is  the  wavelength  of  radiation  used  in  this  study 
In  the  powder  diffraction  technique,  the  sample  is  a  layer  of  fine  powder.  Each 
particle  of  the  powder  is  a  tiny  crystal  oriented  randomly  to  the  incident  beam.  Some  of 
the  particles  are  oriented  exactly  for  a  certain  reflection,  say  [01 1],  and  others  are  oriented 
for  different  reflections.  Therefore  the  powder  as  a  whole,  could  be  treated  as  a  single 
crystal  rotated  through  all  possible  axes  of  symmetry.  The  advantages  of  using  XRD  are, 
it  is  highly  sensitive  to  impurities  and  suitable  for  small  samples. 

Measurements  were  performed  using  a  Rigaku^^  XRD  model  CN4148HZ 
diffractometer^  with  a  12  kW  rotating  anode  and  interfaced  to  an  IBM  computer.  The  data 
system  includes  the  JCPDS  data  base  to  assist  in  the  determination  of  known  phases.  The 
system  is  operated  with  X-ray  power  of  199  mA  at  50  kV.  The  essential  features  of  the 
X-ray  powder  diffractometer  are  shown  in  Fig.  3.6.  A  powder  sample  A  in  the  form  of 
thin  layer  spread  on  a  flat-plate,  is  supported  on  table  T  which  can  be  rotated  about  an  axis 
O.  X-rays  originating  from  the  source  diverge  through  slit  Sj  and  are  diffracted  by  the 
sample.  Diffracted  X-rays  converge  toward  the  slit  S2  and  are  counted  by  the  scintillation 
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Fig.  3.6.  Schematic  of  the  essential  features  of  powder  X-ray 
diffractometer. 
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counter  C  (detector).  The  detector  has  the  capabihty  to  rotate  about  the  axis  O.  The 
rotation  mechanism  for  both  the  sample  and  counter  is  to  provide  a  rotation  of  the  counter 
through  20  degree  which  automatically  makes  the  rotation  of  the  sample  through  0  degree. 
The  diffractogram  was  taken  at  a  scan  speed  of  3°  (20)  per  minute. 

Sample  holder 

The  sample  holder  is  a  rectangular  (5.0  x  3.5  x  0.2  cm^)  aluminum  flat  plate  with  a 
20  X  20  X  1  mm^  groove  on  the  upper  half  of  the  plate.  Silicon  grease  (Apiezon)  is  filled 
into  the  groove  and  levelled  with  the  surface  of  the  plate.  The  powder  sample  is  spread 
uniformly  on  the  surface  of  the  grease  forming  a  thin  layer  barely  level  with  the  surface  of 
the  plate.  The  grease  acts  as  an  adhesive  and  prevents  the  sample  from  falling. 

3.4  Scanning  Electron  Microscopy 

Structural  features  of  the  Y^Ba^Cuj  material  were  investigated  by  scanning  electron 
microscopy  (SEM).  This  is  a  powerful  technique  which  permits  the  observation  of  the 
surface  topography  on  a  small  scale.  In  the  scanning  electron  microscope,  the  area  to  be 
analyzed  is  irradiated  with  a  finely  focused  electron  beam,  which  may  be  fixed  on  to  a 
local  area  or  swept  across  the  surface  of  the  specimen.  When  the  electron  beam  impinges 
the  surface  different  types  of  signals  are  produced  which  can  be  used  to  investigate  the 
many  characteristics  of  the  sample,  for  example,  the  composition,  surface  topography, 
crystallography,  etc.  SEM  utilizes  the  two  important  signals,  the  secondary  and 
backscattered  electrons.  These  vary  according  to  the  surface  topography  as  the  electron 
beam  is  swept  across  the  specimen.  Since  the  secondary  electron  emission  is  confined  to 
the  region  near  the  beam  impact  area,  this  enables  the  images  to  be  obtained  at  relatively 
high  resolution.  Furthermore,  the  images  have  3-D  appearance  due  to  the  large  depth  of 
field. 
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3.5  The  Ozone  Apparatus 

The  electrical  and  superconducting  properties  of  the  ceramic  oxides  depend  on  the 
oxygen  concentration.^'^  Previous  studies  using  plasma  oxidation^®  and  annealing^  ^  in  a 
He  atmosphere  on  YBa2Cu307.5  bulk  sample  were  found  to  increase  the  zero-resistance 
temperature  of  the  sample.  The  important  thing  about  the  ceramic  oxide  compounds  is  that 
they  have  variety  of  oxygen  stoichiometry  with  the  value  8  being  0  to  1.  Furthermore, 
another  oxidation  process,  ozone  treatment  has  been  used  in  Y-Ba-Cu-0  thin  films. The 
goal  was  to  apply  this  ozone  treatment  to  the  YBaCuO  samples  in  order  to  initiate  a  change 
in  the  oxygen  content  by  in-diffusion  of  oxygen  at  the  sample  surface,  which  could 
possibly  affect  the  higher  transition  temperature. 

A  schematic  of  the  ozone  generator  system  is  shown  in  Fig  3.7  which  will  be  utilized  in 
some  oxidation  studies  of  the  YBaCuO  samples.  The  ozonizer  generates  ozone  from  pure 
oxygen  using  an  electrical  discharge.  A  standard  variac  is  connected  to  a  transformer  with 
an  open  circuited  voltage  of  -3000  volts.  The  discharge  occurs  between  inner  (A)  and  the 
outer  (B)  surfaces  of  the  tube  which  are  covered  with  sheets  of  aluminum  foil.  The 
oxygen  enters  the  long  tube  at  a  rate  of  32  cc/min  and  the  resulting  ozone/oxygen  mixture 
is  then  passed  through  the  teflon  container  which  contains  the  sample.  After  circulating 
within  the  container,  the  gas  mixture  finally  escapes  through  the  outlet  into  the  exhaust 
system.  The  gas  in  the  container  is  at  atmospheric  pressure. 

3.6  Preparation  of  YBaCuO  Samples 

The  superconducting  properties  of  the  copper  oxide  compounds  are  quite  sensitive  to 
the  method  of  preparation  and  annealing.  Several  methods  of  synthesis  have  been 
employed  for  preparing  the  cuprates,  with  the  goal  of  obtaining  compounds  of  good 
superconducting  characteristics.  High  grade  samples  require  careful  attention  to 
preparative  conditions  such  as,  reaction  temperature,  oxygen  content  of  the  surrounding 
gas,  annealing  conditions,  mixing  and  grinding  procedures  which  determine  the  grain 
size,  and  pelletizing. 
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Three  standard  methods  of  synthesis  of  cuprate  superconductors  have  been  employed 
for  the  preparation  of  a  large  variety  of  oxide  materials.  These  are  solid-state  reaction 
method,  the  coprecipitation and  the  sol-gel'"^  techniques.  The  solid-state  reaction 
method  is  widely  used  because  of  its  simplicity,  whereas  coprecipitation  and  the  sol-gel 
techniques  require  considerable  skill  in  their  chemical  synthesis.  Since  the  starting 
materials  are  off-the-shelf  chemicals  which  are  directly  calcined  into  superconductors  for 
the  solid-state  reaction  method,  the  preparation  time  is  much  less  compared  to  other 
methods.  Consequently  this  method  is  used  in  the  preparation  of  all  samples  described  in 
this  thesis. 

3.6.1  Preparation  and  Characterization  of  YBa2Cu307 

Stoichiometric  quantities  of  high  quality  materials  (Johnson  Matthey,  99.99%)  Y2O3, 
BaCOj,  and  CuO  are  mixed  according  to  the  following  molar  ratios, 

0.5  (Y2O3)  +  2(BaC03)  +  3  (CuO)  YBa2Cu306  5  2  (CO2) 

Y2O3  :  0.5  mole  (225.81  g/mole)  -1.513 

BaC03  :  2.0  mole  (197.35  g/mole)  -5.289 

CuO  :  3.0  mole  (79.54  g/mole)  -  3.198 

10.000  g  of  unreacted  powder 

The  powdered  oxides  are  thoroughly  mixed  and  finely  ground  using  an  agate  mortar  and 
pestle,  until  a  homogeneous  mixture  of  uniform  color  is  obtained.  An  alumina  crucible 
carrying  the  mixture  is  then  placed  in  a  furnace  and  calcined  in  air  at  925°C  for  10  hours, 
followed  by  furnace-cooling  to  room  temperature  over  a  6  hour  period.  The  reacted 
material  is  then  ground  thoroughly  and  baked  again  following  the  above  steps  but  in 
flowing  oxygen.  Although  a  quick  visual  check  of  the  reacted  material  indicates  the 
quahty  to  a  certain  extent.  X-ray  diffraction  (XRD)  patterns  are  more  reUable  and  usually 
taken  after  each  calcination  process.  XRD  patterns  reveal  the  presence  of  any  undesirable 
phases;  in  the  case  of  YBa2Cu307  they  are  BaCu02  and  CuO.  After  an  acceptable  quality 
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check,  black  1-2-3  powder  is  cold-pressed  into  a  pellet  of  thickness  0.12  cm  and  diameter 
1.95  cm  using  a  hydraulic  press  at  approximately  6  x  lO"^  psi  of  pressure.  The  cold- 
pressed  pellets  are  then  sintered  in  flowing  oxygen  using  the  following  heating  schedule: 
the  pellet  is  placed  inside  a  furnace  with  flowing  oxygen  at  0.5  seem  (standard  cubic  cm 
per  min)  and  heated  from  room  temperature  to  925°C  over  a  4  hour  period,  followed  by 
12  hours  hours  of  sintering  at  925°C,  and  then  cooled  back  to  room  temperature  over  a 
4-6  hour  period.  Finally  the  pellet  is  dry  cut  by  a  diamond  saw  into  several  rectangular 
shaped  pieces.  Care  is  taken  to  avoid  mechanical  vibration  during  the  cutting  procedure. 
Otherwise  the  vibration  would  loosen  the  coupling  between  the  grains. 

In  order  to  obtain  the  orthorhombic  YBa2Cu307  §  (5  <  0.5)  phase  with  a  92  K 
superconducting  T^,  the  samples  should  be  slowly  cooled  from  the  sintering  temperature 
and  annealed  in  oxygen  atmosphere.  At  925°C,  the  sample  will  have  an  oxygen  content  of 
less  than  6.5  per  formula  unit  (5  >  0.5)  and  the  crystal  structure  will  be  tetragonal. 
However  the  tetragonal  phase  undergoes  a  transition  to  orthorhombic  phase  by  absorbing 
oxygen  starting  at «  640°C  and  down  to  approximately  400°C.  High  quality 
YBa2Cu30y  §  sample  should  have  an  oxygen  content  close  to  7  (5  =0)  with  an 
orthorhombic  structure. 

3.6.2  Melt-textured  growth  YBa2Cu307.g  fabrication  process 

In  the  "Melt-Textured  Growth"  method,^^  pure  123  ceramic  powder  is  used  as  the 
starting  material.  According  to  the  phase  diagram  as  shown  in  Fig.  3.8,  pure  YBa2Cu30x 
heated  over  1015°C  decomposes  into  the  insulating  Y2BaCu05  (2-1-1)  phase  and  a  Ba-Cu 
rich  liquid  phase  of  YBaCuO.  When  slow  cooled  through  1015°C,  the  liquid  phase  with 
2-1-1  win  crystallize  back  into  1-2-3.  The  temperature  at  which  1-2-3  begins  to  melt  is  not 
precisely  known;  however,  experiments  performed  on  pure  materials  using  DTA/TG  show 
the  melting  point  to  be  around  1015°C.'^  The  presence  of  excess  CuO  or  BaCu02  will 
lower  the  "melting"  below  1000°C. 
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Fig.  3.8.  Section  through  the  ternary  phase  diagram  along  the 
YBa2Cu307.5-Y2BaCu05  line. 
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A  disk  shaped  pure  1-2-3  sample,  synthesized  by  using  the  standard  solid-state 
technique,  is  placed  in  the  vertical  position  in  a  furnace  which  is  preheated  to  1 125°C. 

The  sample  is  held  at  1 125°C  for  30  minutes  followed  by  rapid  cooling  to  1030°C  at  a  rate 
of  19°C/min  and  then  slowly  cooled  to  925°C  over  a  70  hour  period.  During  the  slow 
cooling  through  (1030  -  980°C),  the  liquid  phase  reacts  with  Y2BaCu05  to  form 
c-axis  aligned  YBa2Cu30jj  grains.  The  sample  is  then  cooled  to  550°C  at  a  rate  of 
66°C/h,  held  for  10  hours  at  550°C,  and  finally  cooled  slowly  to  room  temperature. 

Next  the  sample  is  annealed  in  flowing  oxygen  using  the  following  heating  schedule: 
The  pellet  is  placed  inside  a  furnace  with  flowing  oxygen  at  0.5  seem  and  heated  from 
room  temperature  to  600°C  over  a  4  hour  period.  Next  the  sample  is  held  at  600°C  for  12 
hours,  cooled  to  500°C  at  the  rate  of  50°C  per  hour,  held  at  500°C  for  10  hours,  and  then 
cooled  to  4(X)°C  in  2  hours.  After  10  h  period  at  400°C,  the  sample  is  finally  cooled  to 
room  temperature  over  a  period  of  4  hours. 

X-ray  Diffraction  Analysis 

The  x-ray  diffraction  pattern  for  the  YBa2Cu302  g  powder,  as  shown  in  Fig.  3.9 
indicates  a  single-phase  with  othorhombic  crystal  structure  without  any  significant  amount 
of  the  impurity  phases  or  the  tetragonal  YBa2Cu30g  phase.  The  lattice  parameters  are 
nearly  identical  to  those  of  pure  YBa2Cu302  and  the  identification  of  the  phase^^  was  done 
using  Table  3.1.  Fig.  3.10  shows  the  diffraction  pattern  of  the  surface  of  a  YBa2Cu302_§ 
superconductor  obtained  by  using  the  melt-textured  growth  process.  The  spectrum 
contains  only  [001]  type  diffraction  peaks,  which  indicates  a  preferred  [001]  crystaUine 
orientation.  This  weU-oriented  structure  is  a  characteristic  of  the  microstructure  of  the 
melt-textured  material. 

3.7  Fabrication  process  of  YgBagCuj^Oj^ 

To  ensure  the  appropriate  stoichiometry  of  Y:  Ba :  Cu  for  the  preparation  of 
YgBagCUj  appropriate  amounts  of  high  quality  Y2O3,  BaC03  and  CuO  are  weighed 
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Fig.  3.9.  X-ray  diffraction  pattern  for 
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Fig.  3.10.  X-ray  diffraction  pattern  of  a  YBa2Cu3C)7.5  sample  obtained  by  the  melt-textured 
growth  method. 
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7.57 

15.16 

23.00 

23.27 
27.57 
28.00 
30.62 

32.56 

32.86 

36.39 

38.70 
40.45 
46.67 

47.70 
51.48 

52.56 

52.79 

53.39 
55.04 

55.27 
58.25 

58.86 
60.50 

62.30 
62.90 

65.70 

68.30 

69.80 


11.677 

001 

5.844 

002 

3.893 

003 

3.822 

100 

3.235 

0  1  2 

3.198 

102 

2.919 

004 

2.750 

0  1  3 

2.726 

1  0  3, 1  1  0 

2.469 

1  1  2 

2.325 

1  0  4, 0  0  5 

2.232 

1  1  3 

1.946 

0  2  0, 0  0  6 

1.911 

200 

1.775 

1  1  5 

1.741 

0  1  6, 0  2  3 

1.734 

1  0  6, 1  2  0 

1.716 

1  2  1,2  10 

1.668 

007 

1.662 

1  2  1,1  2  2 

1.584 

1  2  3, 1  1  6 

1.569 

2  1  3 

1.529 

10  7,0  17 

1.485 

124 

1.476 

2  1  4, 0  2  5 

1.420 

1  17 

1.372 

026 

1.346 

2  2  0, 2  0  6 

Table  3.1.  Diffraction  angles,  lattice  spacings  and  Miller  indices  of  1-2-3  powder 
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and  mixed  according  to  the  following  molar  ratio: 

2.5(Y203)  +  6(BaC03)  +  ll(CuO)  -  YjBagCujiO^  +  d  CO2 


Y203 

:  2.5  mole  (225.81  g/mole) 

-  2.246 

BaC03 

:  6.0  mole  (197.35  g/mole) 

-4.711 

CuO 

:  1 1 .0  mole  (79.54  g/mole) 

-3.481 

10.000  g  of  unreacted  powder 

The  powders  are  mixed  and  ground  thoroughly  by  an  agate  mortar  and  pestle  until  a 
homogeneous  mixture  is  obtained.  The  mixture  is  placed  in  a  crucible  and  calcined  in 
flowing  oxygen  at  925°C  for  24  hours  followed  by  furnace-cooling  to  room  temperamre 
over  a  6  to  8  hour  period.  The  baked  mixture  is  then  reground  and  an  appropriate  amount 
is  taken  and  cold-pressed  into  disk  shaped  pellet  of  thickness  3/16"  and  diameter  3/4" 
using  a  hydraulic  press  at  a  pressure  of  approximately  5  x  10"^  psi.  The  pellet  is  sintered  in 
air  at  930°C  for  20  hours  and  then  quenched.  The  pellet  is  then  ground  thoroughly  and 
baked  using  the  following  heating  schedule.  The  crucible  carrying  the  powder  is  placed 
inside  the  furnace  with  flowing  oxygen  and  heated  from  room  temperature  to 
950°C  over  a  8  hour  period.  The  sample  is  then  held  at  950°C  for  24  hours  and  then 
quenched.  The  powder  is  ground  thoroughly  and  pressed  into  a  pellet  of  thickness  1/16" 
and  diameter  3/8"  at  a  pressure  of  2  x  10^  psi.  Next  the  pellet  is  again  sintered  and 
quenched  using  the  above  heating  schedule.  During  this  process  the  pellet  is  placed  on  its 
curved  surface  so  that  the  flat  surfaces  are  vertical.  Finally,  the  pellet  is  dry  cut  by  a 
diamond  saw  into  rectangular  pieces  and  annealed  using  the  above  heating  schedule  where 
the  sample  is  held  at  950°C  for  24  hours.  This  batch  of  samples  is  referred  to  as  GC-1-1, 
and  each  piece  is  labelled  using  the  letters  of  the  alphabet,  for  example,  GC-1-1  A 
corresponds  to  sample  A  of  batch  GC-1-1.  Next  a  few  pieces  from  GC-1-1  was  subjected 
to  high  oxygen  pressure  treatment,  in  which  the  sample  was  maintained  at  a  pressure  of 
2000  psi  and  a  temperature  of  100°C  for  six  days.  These  treated  samples  belong  to  the 
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batch  referred  to  as  GC-1-2. 

A  new  batch  of  5-6-11  samples  were  prepared  using  a  different  recipe.  The 
homogeneous  mixture  Y2O3,  BaC03  and  CuO  is  calcined  in  air  at  925°C  for  24  hours. 

The  reacted  powder  is  finely  ground  and  sintered  in  flowing  oxygen  at  900°C  for  over  a 
10  hour  period  and  then  cooled  to  room  temperature  over  an  eight  hour  period.  After 
regrinding,  the  powder  is  cold-pressed  into  a  pellet  of  thickness  1/16"  and  diameter  3/4"  at 
a  pressure  of  6  x  lO'^  psi.  The  pellet  is  annealed  in  flowing  oxygen  at  950°C  for  24  hours, 
subsequently  dry  cut  by  a  diamond  saw,  and  annealed  again  in  flowing  oxygen  at  900°C 
for  24  hours.  The  cut  pieces  are  then  subjected  to  high  oxygen  pressure  treatment  as 
discussed  above.  This  batch  of  samples  was  named  5-25. 

All  of  the  above  samples  were  stored  in  a  desiccator  filled  with  oxygen  which  was 
flushed  daily  and  slightly  heated  by  an  infrared  lamp  which  was  fixed  at  a  height  of  2  ft. 
above  the  desiccator.  The  ambient  temperature  of  the  sample  was  maintained  below 
70°C.  This  was  done  to  prevent  possible  deterioration  caused  by  moisture  and  out- 
diffusion  of  oxygen. 


Chapter  4 


MAGNETIZATION  STUDIES  OF  "BULK"  SUPERCONDUCTORS 

Since  the  discovery  of  the  Meissner  effect,  both  flux  expulsion  and  flux  exclusion 
measurements  have  been  used  in  the  search  for  new  superconductors  as  well  as  in  studies 
of  the  magnetic  properties  of  type-II  superconductors.  The  measurements  of  these 
properties  has  also  been  utilized  as  a  test  for  the  occurrence  of  bulk  superconductivity  in 
new  materials.  For  an  ideal  bulk  superconductor,  the  Meissner  fraction,  which  is  the  ratio 
of  the  field-cooled-magnetization  FCM  to  a  perfect  diamagnetic  response  (zero-field- 
cooled-magnetization  ZFCM)  of  -V/4k,  should  approach  unity.  Thus  the  quality  and 
frequendy  the  amount  of  superconducting  material  have  been  estimated  in  terms  of  the 
Meissner  fraction  and  the  sharpness  of  the  transition  T^.  using  the  FCM  and  ZFCM  curves. 
However  due  to  the  relative  difficuldes  in  preparing  homogeneous,  defect-free 
superconductors,  this  criterion  should  be  used  very  cautiously  in  the  estimation  of  bulk 
superconductivity  and  at  best  provides  a  lower  limit  to  the  fraction  of  superconducting 
material.  In  this  chapter  we  wiU  focus  on  the  low-temperature  ZFC  and  FC  magnetization 
data  for  conventional,  cuprate,  and  multi-phase  superconductors  in  order  to  characterize 
the  diamagnetic  properties  in  these  samples  and  to  demonstrate  that  the  Meissner  fraction 
can  be  very  small  even  for  weU-established  bulk  superconducting  materials. 

4.1  Conventional  Superconductors 

Since  the  discovery  of  superconductivity  in  191 1  until  the  advent  of  the  new  generation 
of  high-Tj,  superconductors,  most  metals  and  alloys  exhibited  superconductivity  with  T^'s 
less  than  23  K.  These  materials  are  generally  referred  to  as  conventional  superconductors. 
Rather  than  reviewing  all  of  the  various  conventional  superconductors,  we  will  focus  on 
the  diamagnetic  properties  of  a  niobium  sample  since  it  has  the  highest  T^  among  the 
elemental  type-II  superconductors  and  is  widely  used  in  many  commercial 
superconducting  applications. 
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4.1.1  Niobium  Disk 

Figure  4. 1  summarizes  the  dc  magnetization  results  for  a  bulk  niobium  disk 
(thickness  =  0.127  mm  and  diameter  =  5.7  mm)  of  99.98%  purity  (Johnson  Matthey^). 
For  both  the  ZFC  and  FC  curves,  the  magnetization  is  negative  in  sign  (diamagnetic) 
below  the  critical  temperature  of  9.26  K  which  indicates  that  the  sample  is  in  a 
superconducting  state  below  this  temperature.  Both  curves  are  coincident  down  to  a 
temperature  just  below  T^,  and  then  split  into  two  separate  curves  at  lower  temperatures 
with  the  FC  response  being  less  diamagnetic  than  the  ZFC  curve.  This  hysteresis  is  the 
result  of  magnetic  flux  being  trapped  during  the  cooling  process.  During  the  field-cooled 
process,  flux  is  gradually  expelled  beginning  at  as  indicated  by  the  increase  in  the 
diamagnetic  response  below  and  eventually  the  FCM  becomes  constant  below  about 

9.1  K  as  no  more  flux  is  expelled.  Whereas  in  the  zero-field-cooled  process  for  T«  T^, 
the  field  is  excluded  from  the  sample  as  shielding  currents  are  induced  by  the  application 
of  the  magnetic  field.  Thus  the  sample  exhibits  a  flux  exclusion  (shielding)  effect  which 
gives  rise  to  a  diamagnetic  response.  Since  the  field  applied  is  less  than  the  lower  critical 
field  H^j,  the  diamagnetic  response  is  maximized  to  (-V/47t  [1-N]),  and  total  flux 
exclusion  occurs.  When  the  temperature  is  increased  almost  to  T^,  this  ZFC  response 
decreases  as  the  field  begins  to  enter  the  sample  and  eventually  reaches  zero  at  the  critical 
temperature.  This  decrease  in  the  ZFC  response  near  T^,  is  the  result  of  (i)  the  applied  field 
exceeding  H^jCT)  which  decreases  rapidly  in  the  vicinity  of  T^,  and  (ii)  the  penetration 
depth  Xl(T)  becoming  comparable  to  the  sample  dimensions  near  T^..  Figure  4.2a  clearly 
shows  that  the  ZFCM  has  a  linear  dependence  upon  the  magnetic  field  below  8.8  K, 
indicating  that  the  largest  field  value  is  still  below  Hj.j  for  this  Nb  disk  sample.  Also  the 
magnitude  of  /  H  =  -  4.64  x  10'^  emu/Oe  is  larger  than  the  value  determined  from 
-V/47t  =  -  2.58  X  lO'"^  emu/Oe.  This  is  due  to  the  large  demagnetization  effect  associated 
with  the  magnetic  field  being  applied  perpendicular  to  the  disk  and  results  in  [1-N]'i  =  18 
for  this  disk  sample.  If  one  uses  the  demagnetization  approximation  for  a  thin  disk  of 
[1-N]  =  (thickness  /  radius),  the  calculated  susceptibility  of  5.79  x  10‘^  emu/Oe  is  about 


Zero-field-cooled  (ZFC)  and  field-cooled  (FC)  magnetizations  as  a  function  of 
temperature  of  a  Nb  disk  with  field  perpendicular  to  the  surface. 
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25%  larger  than  the  measured  value  suggesting  this  approximation  is  an  over  estimation  of 
the  demagnetization  correction  for  this  disk  sample. 

Just  as  significant  as  the  hysteresis  between  the  ZFCM  and  FCM  is  the  magnitude  of 
the  FCM  (see  Fig.  4.2b)  in  comparison  to  that  of  the  ZFC  response.  Although  the  sample 
should  be  in  the  Meissner  state  for  T«T^,  clearly  the  flux  expulsion  is  not  complete  as  the 
FCM  for  this  sample  corresponds  to  less  than  3%  of  the  ZFCM  value.  Thus  a  significant 
amount  of  flux  trapping  of  magnetic  vortices  at  defect  sites  in  the  Nb  disk  must  occur 
during  the  field-cooling  process  to  result  in  such  a  small  percentage.  Similar  to  the  ZFC 
response,  the  FCM  should  also  show  a  linear  dependence  upon  the  magnetic  field  at  the 
lowest  fields.  However  one  observes  that  the  M^^,  /  H  data  in  Fig.  4.2b  actually  increase 
with  field  by  about  8%  for  fields  from  0.5  to  5.0  Oe. 

In  summary,  the  development  of  a  hysteresis  between  the  ZFC  and  FC  magnetization 
below  for  even  a  bulk  superconductor  is  one  feature  of  the  diamagnetic  properties 
associated  with  a  superconducting  transition  of  a  type-II  superconductor.  Furthermore, 
the  flux  trapping  can  result  in  the  FCM  being  only  a  few  percent  of  the  maximum  flux 
expulsion  even  in  a  bulk,  conventional  superconductor  that  has  defects  present.  Thirdly, 
the  ZFCM  should  be  linearly  dependent  upon  the  applied  fields  for  fields  less  than  H^j. 

4.2  Cuprate  (High-T^)  Superconductors 

The  cuprate  superconductors  are  generally  composed  of  cupric  oxide  materials  that 
demonstrate  bulk-like  properties  below  135  K  and  thus  are  called  high-T^, 
superconductors.  These  cuprate  superconductors  possess  a  variety  of  physical  properties 
depending  upon  the  microstructure  of  the  sample  which  arises  from  the  synthesis 
conditions.  For  example,  the  electrical  coupling  between  the  superconducting  regions  due 
to  the  microstructural  connectivity  plays  an  important  role  in  determining  the  critical 
current  density  of  the  superconducting  material  below  T^..  This  is  evidenced  by  the  large 
differences  in  critical  current  density  values  obtained  for  sintered  (weakly  coupled  and 
low  current  densities)  and  melt-processed  (strongly  coupled  and  high  current  densities) 


Fig.  4.2.  ZFC  (a)  and  (b)  FC  magnetizations  as  a  function  of  temperature  of  a  Nb  disk 
for  various  field  strengAs  with  field  perpendicular  to  the  surface. 
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materials. 

In  this  section  we  will  focus  on  the  diamagnetic  properties  of  YBaCuO  samples 
prepared  using  the  different  methods  of  synthesis  as  described  in  Chapter  3.  Single-phase 
YBa2Cu307  §  samples  synthesized  by  solid-state  (ceramic),  melt-textured  growth,  and 
single-crystal  techniques  wiU  be  studied  below  100  K  as  well  as  an  inhomogeneous 
Y5BagCujjO^  ceramic  sample. 

4,2.1  Ceramic  YBa2Cu307.5 

The  ceramic,  cuprate  materials  have  a  granular,  randomly-oriented  structure  with 
typical  grain  size  ranging  from  1  to  10  pm^’^  as  measured  from  SEM  micrographs.  The 
particle  size  and  the  mechanical  connectivity  between  grains  depends  very  strongly  upon 
the  sintering  conditions  during  the  final  synthesis  step  which  in  turn  influences  the 
diamagnetic  response  in  these  samples.^  This  is  most  clearly  demonstrated  in  the 
transition-temperature  width  of  the  ac  susceptibility  as  a  function  of  the  ac  magnetic  field. 
Furthermore,  ac  susceptibility  measurements  have  been  utihzed  to  differentiate  the 
intergranular  and  intragranular^  coupling  in  these  ceramic  samples.  Similarly  the 
transition-temperature  widths  observed  in  low-field  dc  magnetization  results  provides 
information  as  to  the  coupling  strength. 

The  dc  magnetization  was  measured  on  a  ceramic  YBa2Cu307_g  sample  of 
approximately  4.7  x  3.7  x  1.2  mm^  dimensions  and  density  of  2.94  g/cm^  which  had  been 
dry  cut  by  a  diamond  saw  from  a  larger  disk-shaped  pellet.  Typical  results  for  the  ZFC 
and  FC  magnetization  are  shown  in  Fig.  4.3.  The  onset  of  diamagnetism  is  around  92  K 
in  agreement  with  the  accepted  T^.  for  the  fuUy  oxygenated  YBa2Cu307_§  phase  (5  =  0.0) 
Similar  to  the  Nb  results,  the  ZFCM  and  FCM  are  essentially  coincident  for  a  few  degrees 
below  Tj,  and  then  the  curves  separate  with  the  FCM  being  less  diamagnetic  than  the 
ZFCM.  The  Meissner  fraction  (ratio  of  FCM  to  ZFCM)  for  this  ceramic  sample  is  6% 
which  again  suggests  a  significant  amount  of  flux  trapping  occurs  in  the  field-cooling 
process.  Since  this  ceramic  sample  with  a  density  of  approximately  45%  of  the  theoretical 
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maximum  has  a  granular  microstructure  with  numerous  grain  boundaries  and  voids 
available  for  flux  trapping,  it  might  be  surprising  to  find  the  Meissner  fraction  is  larger 
than  for  the  bulk,  100%  dense  Nb  disk.  However,  this  granular  structure  actually  permits 
the  flux  to  move  in  and  out  along  the  grain  boundaries  of  the  ceramic  sample  more  easily 
than  in  the  dense  Nb  disk  which  has  a  much  larger  critical  current  density.  This  ability  for 
the  magnetic  flux  to  move  more  easily  is  further  evidenced  by  the  broadness  of  the 
transition  region  as  shown  in  the  ZFCM  data.  The  5.0  Oe  field  is  still  far  below  the 
intrinsic  for  YBa2Cu307  even  at  90  K.  Thus  the  appearance  of  magnetic  field 
penetration  in  the  ZFCM  data  beginning  at  50  K  indicates  that  the  granular  structure  is 
weakly  coupled,  and  correspondingly  the  sample  must  have  a  low  critical  current  density. 
The  broad  transition  width  in  the  ZFCM  can  be  reduced  by  sintering  the  ceramic  sample  at 
slightly  higher  temperatures  approaching  the  "melting"  temperature  for  the  sample. 
However  the  magnitude  of  the  FCM  for  such  a  sintered  sample  is  less  predictable  as  will 
be  shown  in  the  results  for  the  melt-textured  and  single-crystal  YBa2Cu307,§  samples. 

4,2.2  Melt-Textured  YBa2Cu307 

Weak-links  consisting  of  normal  or  insulating  material  between  the  superconducting 
grains  in  sintered  bulk  YBa2Cu307  samples  are  responsible  for  the  low  critical  current 
density  measured  in  these  ceramic  samples.  Therefore  a  microstructural  modification  is 
necessary  in  order  to  obtain  higher  J^.'s  in  these  cuprate  superconducting  materials, 
especially  if  these  materials  are  to  be  utilized  in  high-current  carrying  applications.  One 
method  for  enhancing  the  for  bulk  YBa2Cu307  samples  is  to  "melt"  the  sample  so  as  to 
enhance  the  grain-coupling  via  the  suppression  of  weak-links  or  grain  boundaries.  This 
can  be  achieved  by  the  melt-textured  growth  technique  utilizing  a  pressed  YBa2Cu307 
pellet  as  described  in  Chapter  3. 

Magnetization  measurements  were  performed  with  the  magnetic  field  apphed  parallel  to 
the  c-axis  of  a  melt-textured  YBa2Cu307  sample.  The  results  shown  in  Figs.  4.4  -  4.5 
indicate  the  onset  of  a  diamagnetic  response  at  92  K,  a  transition  width  of  about  5  K  in  the 
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ZFCM,  a  hysteresis  between  the  FCM  and  the  ZFCM  data,  a  Meissner  fraction  of  about 
5%,  and  a  linear  field  dependence  in  both  the  ZFCM  and  FCM  for  fields  up  to  the  largest 
measuring  field  of  5.0  Oe.  These  features  are  all  consistent  with  the  flux  exclusion  and 
flux  expulsion  for  a  sample  which  has  a  high  critical  current  density;  i.e.,  the  results  are 
more  similar  to  those  of  the  Nb  disk  than  to  those  of  the  ceramic  YBa2Cu30.7  sample.  The 
smaU  flux  exclusion  can  probably  be  attributed  to  defects  such  as  twin  boundaries  and 
stacking  faults  which  act  as  pinning  centers  for  the  magnetic  vortices. 

The  enhanced  critical  current  densities  for  the  melt-textured  sample  is  further  indicated 
by  the  lack  of  a  field  dependence  in  the  measurements  of  the  ac  susceptibility.  The  results 
of  the  x'  as  a  function  of  temperature  are  shown  in  Fig.  4.6  for  ac  fields  parallel  to  the 
c-axis.  The  frequency  of  the  ac  field  was  250  Hz  with  field  amplitudes  ranging  from 
417  mOe  to  8.35  Oe.  T^,  occurs  at  about  92.5  K  in  agreement  with  the  dc  magnetization 
data.  Moreover  the  width  of  the  transition  (AT^)  does  not  change  appreciably  with  the 
applied  field  as  the  two  curves  are  almost  identical.  Whereas  for  the  sintered  ceramic 
superconductors,  the  width  AT,,  depends  strongly  on  the  ac  magnetic  fields.*’^  These 
features  clearly  indicate  the  existence  of  strong  coupling  in  the  melt-textured  samples  and  a 
large  critical  current  density. 

4.2.3  Single-Crystal  YBa2Cu307.5 

Bulk  properties  of  ceramic  cuprate  superconductors  are  averages  over  components 
parallel  and  perpendicular  to  the  CUO2  planes.  Therefore  a  better  approach  to  understand 
the  intrinsic  physical  properties  of  YBa2Cu307  is  to  study  single-crystal  samples; 
however,  the  synthesis  procedure  for  single-crystal  growth  can  give  rise  to  under¬ 
oxygenated  samples,  the  growth  of  defect  structures,  and  other  stmctural  features  that  can 
inhibit  a  measure  of  the  tme  intrinsic  properties.  Nevertheless,  it  is  the  purpose  of  this 
investigation  to  compare  the  bulk  diamagnetic  properties  of  single-crystal  sample  to  the 
results  of  the  ceramic  and  melt-textured  YBa2Cu307  samples. 

Figures  4.7-4.9  display  the  ZFC  and  FC  magnetization  for  an  under-oxygenated 
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single-crystal  YBa2Cu307  sample  in  various  field  strengths  parallel  to  the  c-axis.  There 
is  a  barely  perceptible  diamagnetic  response  below  90  K  with  two  larger  diamagnetic 
changes  in  the  ZFCM  data  occurring  at  75  K  and  60  K.  The  occurrence  of  three  transition 
temperatures  suggest  that  this  crystalline  sample  is  not  single-phase  as  originally  thought. 
Instead,  it  probably  consists  of  only  a  thin  surface  layer  of  the  fuUy  oxygenated 
YBa2Cu307  phase  (92  K),  another  region  with  a  small  amount  of  oxygen  deficiency 
(perhaps  5  =  0.2)  giving  rise  to  a  80-K  superconducting  transition,  and  a  third  innermost 
region  of  the  YBa2Cu305  5  phase  which  has  a  T^  of  60  K.  This  interpretation  is 
consistent  with  the  observation  that  the  T^  for  ceramic  YBa2Cu307.§  samples  can  vary 
from  92  K  for  8  =  0,  to  60  K  for  8  =  0.4  -  0.5,  and  to  0  K  for  8  >  0.55  and  with 
experiments  showing  that  oxygen  aimealing  of  single-crystal  specimens  is  primarily  a 
slow  diffusion  process  along  the  a-b  planes  which  results  in  the  most  oxygen-deficient 
regions  being  in  the  center  of  the  crystals.  Furthermore,  this  observation  of  three  different 
oxide  phases  points  to  the  need  to  perform  multiple  measurements  as  one  experiment  may 
indicate  a  single-phase  material  such  as  the  x-ray  diffraction  pattern  did  for  this  sample. 
Since  x-rays  only  probe  the  top  micron  of  the  crystalline  surface,  the  XRD  pattern  only 
reflects  the  presence  of  the  nearly  fuUy  oxygenated,  80-K  phase  and  not  to  the  existence  of 
other  phases. 

Even  though  this  YBa2Cu307  single-crystal  sample  is  multi-phase,  the  hysteretic 
behavior  between  the  ZFCM  and  FCM  and  the  linear  magnetic  field  dependence  for  the 
ZFCM  and  FCM  are  similar  to  the  magnetization  data  for  the  ceramic  and  melt-textured 
YBa2Cu307  samples.  The  weak-field  dependence  in  the  ZFCM  data  in  the  60-K  to  80-K 
temperature  range  suggests  that  the  applied  fields  are  comparable  to  the  lower  critical  field 
Hj,j(T)  for  this  YBaCuO  phase.  Again  magnetic  flux  is  easily  trapped  during  the  field¬ 
cooling  process  and  results  in  a  Meissner  fraction  of  9.4%  at  the  lowest  temperatures.  It  is 
clear  from  the  various  Meissner  fraction  values  calculated  for  these  different  YBa2Cu307 
samples  that  the  Meissner  fraction  is  misleading  and  does  not  provide  a  clear  indication  of 
the  superconducting  volume  fraction. 
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Fig.  4.8.  Expanded  version  of  the  ZFC  and  FC  magnetizations  of  a  nominal 
YBa2Cu307.6  single-crystal  sample  in  H  =  1.0  Oe. 
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4.2.4  Inhomogeneous  Y5Ba6CuiiOx  Superconductor 

The  sintered,  ceramic  YBa2Cu307  sample  described  earlier  consists  of  a  homogeneous 
structure  or  phase  existing  throughout  the  majority  of  the  entire  sample  as  indicated  by 
powder  XRD  analysis.  In  addition  to  the  granular  microstmcture  having  an  effect  on  the 
superconducting  properties,  the  stoichiometry  of  YBaCuO  sample  can  affect  the  properties 
as  well.  In  this  section  we  will  study  the  magnetic  responses  for  a  multi-phase  cuprate 
superconducting  material,  Y5BagCujiOx  (5-6-11).  This  material  is  prepared  from  oxide 
powders  as  described  in  Chapter  3  with  a  molar  ratio  of  Y :Ba:Cu  of  5:6: 1 1 .  XRD 
analyses  reveal  that  the  major  phases  of  the  5-6-1 1  sample  are  the  92-K  superconducting 
YBa2Cu307,  the  insulating  Y2BaCu05,  and  CuO.  These  resulting  phases  are  in  the  ratio 
of  7:4:8.  Such  a  multi-phase  sample  with  at  least  one  superconducting  phase  is  said  to  be 
an  inhomogeneous  superconductor. 

A  rectangular  piece  (sample  A)  of  a  ceramic  Y5Ba6Cui  peUet  having  dimensions 
approximately  4.0  x  3.0  x  2.0  mm^  was  measured  in  the  SQUID  magnetometer.  The 
ZFCM  and  FCM  data  shown  in  Figs.  4.10-4.1 1  exhibit  characteristics  similar  to  the 
previous  data.  The  ZFCM  indicates  the  onset  of  superconductivity  at  92  K  with  another 
transition  beginning  at  82  K.  Initially  it  tempting  to  suggest  two  YBa2Cu307_g  phases  of 
different  oxygen  content  are  present,  one  fully  oxygenated  for  the  92-K  transition  and  the 
other  slightly  under  oxygenated  (5  =  0.2),  similar  to  the  single  crystal,  as  the  cause  for  the 
two  diamagnetic  transitions.  However,  closer  inspection  of  the  field  dependences  for  both 
the  ZFCM  and  FCM  results  suggest  that  the  lower  82-K  transition  should  be  associated 
with  the  onset  of  intergranular  (Josephson-like)  coupling  between  the  92-K 
superconducting  grains.  The  lack  of  a  field  dependence  in  the  M^^^  /  H  data  above  82  K  as 
compared  to  the  strong  field  dependence  of  the  M^fc  /  H  data  for  temperatures  below  82  K 
indicates  that  the  grains  consist  predominately  of  the  92-K  phase  material  which  are 
intergranular  coupled  below  80  K.  This  is  further  supported  by  the  field  independence  of 
the  Mjj,  /  H  data  at  all  temperatures  and  the  temperature  independence  below  87  K  when 
the  intergranular  coupling  begins.  This  is  also  consistent  with  the  ac  susceptibUity  results 
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for  this  sample. 

Similar  to  the  previous  magnetization  results,  there  is  a  hysteresis  between  the  ZFCM 
and  FCM  present  which  occurs  below  87  K.  Again  significant  flux  trapping  occurs 
during  the  field-cooled  measurements  which  results  in  a  Meissner  fraction  of  about  14%. 
This  is  the  largest  Meissner  fraction  for  any  of  the  samples  discussed  in  this  section  even 
though  the  multi-phase  Y5Ba6CU{  sample  has  only  ~  60%  by  volume  of  the 
superconducting  YBa2Cu307  phase  present.  This  larger  fraction  is  consistent  with  idea 
that  the  weaker  intergranular  coupling  (or  lower  critical  current  density)  allows  the 
magnetic  flux  to  more  easily  flow  out  of  the  sample  during  field-cooling  measurements.  It 
is  not  surprising  that  this  inhomogeneous  YBaCuO  superconducting  sample  should  have 
the  weakest  intergranular  coupling  because  the  presence  of  nonsuperconducting 
Y2BaCuOg  and  CuO  phases  will  reduce  the  surface  area  for  mechanical  contact  between 
1-2-3  grains  if  there  are  no  other  differences  in  microstructural  features  in  these  ceramic 
samples.^ 

The  preceding  magnetization  study  on  conventional,  sintered,  melt-textured, 
single-crystal,  and  inhomogeneous  superconducting  samples  showed  them  to  be  bulk 
superconductors  as  demonstrated  by  the  full  flux  exclusion  in  the  ZFCM  data  and  a 
substantial  diamagnetic  response  in  the  field-cooled  magnetization.  However,  the 
Meissner  flux  expulsion  was  never  complete  as  indicated  by  the  existence  of  a  hysteretic 
behavior  between  the  ZFC  and  FC  curves.  Furthermore,  the  ratio  of  the  FCM  to  ZFCM, 
i.e.,  the  Meissner  fraction,  was  found  to  be  small  (<14%)  and  strongly  dependent  upon 
several  parameters  including  the  microstructures  produced  during  the  synthesis  of  the 
YBaCuO  samples  as  weU  as  on  the  homogeneity  of  the  samples.  It  is  also  clear  that  the 
Meissner  fraction  does  not  provide  a  reliable  estimate  of  the  superconducting  volume 
fraction  for  most  type-II  superconducting  samples  as  the  presence  of  defects  and  pinning 
centers  play  an  important  role  in  trapping  magnetic  flux  during  field-cooled  measurements. 
Otherwise,  the  Nb  disk  with  the  highest  purity  and  closest  density  to  its  theoretical  limit 
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should  have  had  the  largest  Meissner  fraction  instead  of  the  smallest  at  less  than  3%. 
However  the  presence  of  microstructural  defects  coupled  with  a  strong  "intergranular" 
coupling  (large  critical  current  density)  in  the  Nb  disk  resulted  in  a  sample  exhibiting  the 
largest  percentage  of  flux  trapping. 

In  summary,  we  conclude  that  the  observation  of  a  hysteretic  behavior  between  the 
ZFCM  and  FCM  below  the  critical  temperature  is  a  characteristic  of  a  type-II 
superconducting  transition  in  addition  to  the  observation  of  a  diamagnetic  response  for  the 
FCM  measurement  and  of  a  linear  field  dependence  in  the  ZFCM  data  for  fields  less  than 
the  lower  critical  field  Furthermore  the  FCM  can  easily  be  as  small  as  a  few  percent 
of  the  ZFCM  response  due  to  microstructural  features  in  the  sample.  Consequently,  this 
hysteretic  behavior  will  be  the  primary  criterion  we  will  utilize  in  our  subsequent  search 
for  materials  exhibiting  superconductivity  at  temperatures  above  200  K. 


Chapter  5 


HIGHER  T^,  PHASES  IN  CUPRATE  MATERIALS 

5.1  Introduction 

In  Chapter  4  the  diamagnetic  characteristics  of  a  bulk  superconducting  transition  in  the 
low  temperature  regime  for  conventional,  cuprate,  and  multi-phase  superconductors  were 
discussed.  Utilizing  these  characteristics  as  criteria  for  the  occurrence  of 
superconductivity,  we  have  extended  our  magnetization  studies  to  temperatures  above 
100  K  in  several  YBaCuO  samples  in  order  to  search  for  higher-T^  phases.  This  type  of 
investigation  is  further  warranted  by  the  observation  and  previous  reports  of  zero- 
resistance  transitions  in  the  240  to  270  K  temperamre  range  in  multi-phase  YBaCuO 
materials.^  Thus  this  magnetic  study  should  further  elucidate  the  nature  of  the  zero- 
resistance  transition  to  superconductivity. 

In  this  chapter,  results  of  extensive  magnetization  measurements  on  several  multi-phase 
5-6-11  samples,  melt-textured  and  nominal  single  crystals  of  1-2-3  in  the  temperature 
range  from  100  to  360  K  will  be  presented. 

5.2  Nominal  YBa2Cu307.5  single-crystal 

Since  zero-resistance  transitions  in  the  240  -  270  K  range  have  been  observed  along  the 
surfaces  of  nominal  1-2-3  single-crystals  fabricated  in  our  laboratory,^  our  first  study  was 
to  perform  magnetization  measurements  on  similar  nominal  YBa2Cu307  single-crystal 
samples  in  the  temperature  range  of  100  to  320  K  in  order  to  determine  if  any  diamagnetic 
characteristics  of  a  superconducting  transition  could  be  found. 

Figures  5.1  -  5.6  show  the  ZFC  and  FC  magnetization  data  for  a  nominal  1-2-3  single¬ 
crystal  sample  (SxtaLA)  taken  in  fields  of  0.5  Oe  to  5.0  Oe.  For  the  lowest  field  of 
0.5  Oe,  both  ZFC  and  FC  data  are  essentially  featureless  in  the  temperature  range  of  100 

to  310  K  and  exhibit  a  scatter  within  the  range  of  AM  =  1.2  x  10'^  emu.  However,  the 

64 


65 


ZFC  and  FC  data  for  a  field  of  1.0  Oe  (see  Fig.  5.2)  show  a  divergence  below  220  K 
while  both  responses  are  coincident  in  the  temperature  range  of  220  to  310  K.  These 
features  are  reproducible  as  shown  by  a  second  set  of  measurements  in  Fig.  5.3.  Again  a 
divergence  between  the  ZFC  and  FC  data  is  observed  below  220  K  even  though  there  is 
much  more  scatter  in  the  data  below  220  K.  This  divergence,  i.e.,  the  difference  between 
ZFCM  and  FCM,  is  on  the  order  of  1 .5  x  10'^  emu  for  a  field  of  1 .0  Oe.  If  the  magnitude 
of  the  divergence  scales  with  field,  then  a  divergence  of  7  x  10'*  emu  at  500  mOe  would 
be  expected  which  is  within  the  scattering  range  of  this  data.  Thus  it  is  doubtful  a 
divergence  would  be  distinguishable  at  this  lowest  field  value.  Clearly  neither  response  in 
the  l.O-Oe  ZFCM  and  FCM  is  diamagnetic;  however,  this  might  be  expected  for  the 
hysteretic  behavior  of  a  two-phase  material  consisting  of  a  minority  superconducting  phase 
with  a  T(,  ~  220  K  and  a  predominate  normal,  non-superconducting  phase  (YBa2Cu307.§ 
with  Tc  ^  90  K).  In  this  case,  one  would  expect  any  hysteretic  behavior  above  100  K  to 
be  associated  with  a  superconducting  transition  and  would  be  in  addition  to  the  magnetic 
response  from  the  normal-phase  material.  Figures  5.4  and  5.5  show  ZFC  and  FC  data  for 
applied  fields  of  1.25  and  2.0  Oe  respectively.  Similar  to  the  lower  field  data  of 
1.0  Oe,  both  ZFC  and  FC  are  coincident  at  the  highest  temperatures  down  to  a  temperature 
of  about  250  K.  However  at  lower  temperatures,  there  is  a  significant  increase  in  the 
scatter  of  both  ZFC  and  FC  data  (AM  =  1.5  x  10"^  emu)  with  no  discernible  divergence. 
For  the  5.0  Oe  data  in  Fig.  5.6,  a  divergence  between  ZFC  and  FC  reappears  below 
220  K  although  it  is  less  pronounced  than  the  1.0  Oe  data.  To  ensure  this  divergence 
between  the  ZFCM  and  FCM  is  not  a  sample  holder  background  feature,  we  have 
measured  the  background  separately  as  shown  in  Fig.  5.7.  The  ZFC  and  FC  data  for  the 
sample  holder  are  featureless  and  remain  constant  within  the  experimental  accuracy  in  the 
temperature  range  of  150  to  310  K.  Also  the  scatter  in  the  data  remains  relatively  constant 
over  the  entire  temperature  range,  indicating  that  the  increase  in  the  scatter  of  the  ZFCM 
and  FCM  data  below  T  <  220  K  for  this  nominal  single-crystal  sample  must  be  related  to 
the  sample.  Although  the  increase  in  the  scatter  of  the  data  below  240  K  is  most 


YBaCuO  1-2-3  single-crystal  (Sxtal  A) 
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Fig.  5.1.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  nominal 
YBa2Cu307.5  single-crystal  sample  (Sxtal)  in  H  =  0.5  Oe. 


YBaCuO  1-2-3  Single-crystal  (Sxtal  A) 
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magnetizations  as  a  function  of  temperature  of  a  nominal 
5  single-crystal  sample  (Sxtal)  in  H  =  1.0  Oe. 


YBaCuO  1-2-3  single-crystal  (Sxtal  A) 
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Fig.  5.3.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  nominal 
YBa2Cu307.5  single-crystal  sample  (Sxtal)  in  H  =  1.0  Oe. 


CuO  1-2-3  single-crystal  (Sxtal  A) 
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Fig.  5.4.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  nominal 
YBa2Cu307.5  single-crystal  sample  (Sxtal)  in  H  =  1.25  Oe. 


YBaCuO  1-2-3  single-crystal  (Sxtal  A) 
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Fig.  5.5.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  nominal 
YBa2Cu307,5  single-crystal  sample  (Sxtal)  in  H  =  2  Oe. 


YBaCuO  1-2-3  single-crystal  (Sxtal  A) 
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Fig.  5.6.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  nominal 
YBa2Cu307.5  single-crystal  sample  (Sxtal)  in  H  =  6  Oe. 


Background  signal  from  Nb  disk  &  cardboard 
H  =  5.0  Oe 
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T(K) 

Fig.  5.7.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  for  the  sample  holder 
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discernible  in  the  1.25  Oe  and  2.0  Oe  data,  the  scatter  increases  below  a  similar 
temperature  for  both  sets  of  1 .0  Oe  data  and  even  in  the  5.0  Oe  data.  Thus  it  is  reasonable 
to  suggest  that  the  increase  in  scatter  of  the  data  and  the  divergence  may  arise  from  the 
same  cause  since  they  occur  at  approximately  the  same  temperature.  It  is  possible  to 
explain  the  increase  in  the  scatter  of  the  data  below  220  K  in  terms  of  superconducting  flux 
instabilities.  Owing  to  (i)  the  small  size  of  the  220-K  superconducting  region  in  the 
sample,  (ii)  the  sample  movement  during  the  measurement  process,  and  (iii)  possible 
temperature  gradients  over  the  scan  length,  flux  can  easily  move  in  and  out  of  the  sample 
giving  rise  to  the  flux  instabilities  and  the  observed  scatter  in  the  magnetization  data. 
Similar  magnetic  hysteretic  behavior  in  the  240  to  270  K  temperature  range  has  been 
observed  in  several  other  single-crystals. 

In  summary,  the  overall  features  of  the  magnetization  for  these  single-crystal  samples 
show  that  above  220  K  the  ZFC  and  FC  data  are  essentially  coincident.  At  temperatures 
below  220  K,  a  hysteretic  behavior  between  the  ZFC  and  FC  data  for  some  magnetic 
fields  and  an  increase  in  the  scatter  of  the  data  for  all  fields  are  observed.  These  behaviors 
can  be  qualitatively  understood  in  terms  of  a  superconducting-like  transition  of  a  minority- 
phase  material  which  shows  a  substantial  amount  of  magnetic  flux  instabilities  in  this 
temperature  range.  The  superconducting  nature  of  this  transition  is  further  suggested  by 
the  temperature  of  this  magnetic  behavior  being  close  to  the  temperature  where  zero- 
resistance  transitions  are  observed  in  similar  nominal  single-crystal  samples. 

5.3  Melt-textured  YBa2Cu307.5  superconductor 

Melt-textured  YBa2Cu307.§  samples  are  essentially  c-axis  oriented  stacks  of  single¬ 
crystallites  and  thus  the  possibility  exists  to  increase  the  magnetic  response  from  that  of  a 
single-crystal.  Thus  we  chose  melt-textured  1-2-3  samples  for  our  second  study  and 
performed  magnetization  measurements  in  the  temperature  range  of  100  to  360  K.  Again 
our  aim  was  to  search  for  any  diamagnetic  characteristics  of  a  superconducting  transition  at 
temperatures  above  100  K. 
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Figures  5.8a  and  5.8b  show  the  ZFC  and  FC  magnetization  data  for  a  melt-textured 
YBa2Cu307.5  sample  (LHBOl)  with  a  bulk  superconducting  transition  at  92  K  in  the 
temperature  range  above  100  K.  A  clear  hysteretic  behavior  exemplified  by  a  weak, 
temperature-dependent  divergence  of  the  ZFCM/H  from  the  more  paramagnetic-like 
FCM/H  is  observed.  Figure  5.9  shows  more  clearly  the  field  dependence  of  the 
ZFCM/H.  While  the  FCM/H  data  essentially  remains  independent  of  the  field,  the 
ZFCM/H  data  decrease  away  from  the  FCM/H  data  resulting  in  a  larger  hysteresis  for  the 
lower  field.  This  implies  that  the  ZFCM/H  becomes  more  diamagnetic-like  with  respect  to 
the  FCM/H  for  smaller  field  strengths  even  though  the  overall  magnetic  response  is 
positive  in  sign.  This  ZFCM  and  FCM  behavior  is  consistent  with  the  magnetic 
susceptibUity  for  an  inhomogeneous  material  containing  a  small  superconducting  volume 
fraction.  If  the  superconducting  volume  is  small  and  possibly  a  thin  layer,  the  presence  of 
large  normal  regions  and  strong  pinning  sites  in  this  superconducting  layer  could  result  in 
a  negligible  FCM  as  even  for  bulk  superconductors  the  FCM  is  typically  only  a  few 
percent  of  the  maximum  ZFC  diamagnetic  response.  Thus  the  field  independence  of  the 
FCM  reflects  the  "paramagnetic-like"  behavior  of  the  normal  material  in  the  melt-textured 
sample,  presumably  the  YBa2Cu307  phase  which  is  in  the  normal  state  at  these  high 
temperatures.  Secondly,  the  field  dependence  of  the  ZFCM/H  towards  a  less  diamagnetic 
response  for  increasing  fields  is  consistent  with  the  characteristics  of  flux  exclusion  in  the 
superconducting  state  for  a  minority  superconducting  phase  in  a  multi-phase  material  when 
H  is  larger  than  Hd-  This  lack  of  an  overall  diamagnetic  response  but  yet  the  presence  of 
a  superconducting  phase  in  a  material  is  best  exemplified  by  a  paramagnetic  2-1-1  sample 
which  showed  weak  diamagnetic-hke  deviations  in  the  ZFCM  due  to  the  presence  of  the 
1-2-3  phase.  The  overall  magnetic  response  is  positive  due  to  the  more  dominant 
paramagnetic  response  of  the  2-1-1  phase.  (See  Appendix.) 

Similar  hysteretic  behavior  is  also  shown  in  Figs.  5.10  and  5.11  for  two  other  melt- 
textured  YBa2Cu307.5  samples  (MJOOl  and  LHAOOl)  although  the  FCM/H  does  not 
follow  a  paramagnetic  temperature  dependence  like  LHBOl.  This  may  be  a  result  of  the 
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(a)  6.0e-8  I— 


Melt-Textured  YBaCuO  1-2-3  (LHBOl) 
H  =  100  &  400  Oe 
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Fig.  5.9.  ZFC  and  FC  magnetizations  for  melt-textured  YBa2Cu307.5  sample  LHBOl 
for  fields  of  100  and  400  Oe.  Note  that  the  hysteretic  behavior  begins  about 
310  K  and  ZFCM/H  for  400  Oe  is  closer  to  FCM/H  than  for  the  100  Oe  field. 
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measurement  being  performed  after  a  long  period  of  time  since  the  samples  were  first 
prepared,  and  correspondingly  a  change  or  deterioration  in  the  sample  quahty  has 
occurred.  The  hysteretic  behavior  develops  below  320  K  and  290  K,  respectively. 
Subsequent  measurements  on  sample  LHAOOl  suggest  that  the  hysteresis  actually  begins 
at  higher  temperatures.  After  the  ZFC  (run  1)  and  FC  (mn  2)  data  were  taken  as  shown  in 
Fig.  5.1 1,  the  measurements  were  continued  during  the  subsequent  warming  (run  3)  and 
cooling  (run  4)  in  the  same  field  of  100  Oe  and  are  displayed  in  Fig.  5.12.  These  results 
are  consistent  with  the  warming  and  cooling  paths  for  a  superconducting  material  that 
initially  does  not  reach  its  normal  state,  i.e.,  T]  <  T^.,  as  shown  in  Fig.  5.13.  Paths  (i)  and 
(ii)  correspond  to  the  ZFC  and  FC  cooling  data  measured  up  to  a  temperature  T  j  which  is 
less  than  the  superconducting  transition  temperature  T^,.  Thus  the  ZFC  and  FC  data  will 
be  forced  to  converge  near  T  j .  This  is  somewhat  identical  to  the  ZFC  and  FCC  paths  in 
Fig.  5.12  and  Tj  would  correspond  to  about  290  K.  During  the  subsequent  FC  warming, 
path  (iii)  is  initially  coincident  with  path  (ii),  then  begins  to  deviate  at  a  temperature  close 
to  Tj  as  more  flux  penetrates  into  the  sample  and  finally  approaches  zero  as  the 
temperature  reaches  T^,.  Upon  field-cooling,  the  FCM  of  path  (iv)  will  be  less  diamagnetic 
than  the  preceding  data  for  paths  (ii)  and  (iii)  as  more  flux  would  be  trapped  due  to  the 
viscous  nature  of  the  flux  motion  when  cooling  from  T  >  T^.  =  350  K.  These  features 
described  by  Fig.  5.13  are  somewhat  similar  to  the  observed  behavior  in  Fig.  5.12  for  an 
inhomogeneous  material  which  consists  of  a  small  superconducting  volume  fraction  with  a 
Tj.  ~  350  K  and  a  much  larger  "paramagnetic"  normal-phase  material  background  signal. 
Thus  these  results  support  the  existence  of  superconductivity  in  these  melt-textured 
materials  above  room-temperature.  Furthermore,  the  aforementioned  features  arise  from 
the  sample,  as  evidenced  by  the  magnetization  data  displayed  in  Fig.  5.14  for  the  sample 
holder  background  taken  in  field  strengths  of  4  Oe  and  100  Oe.  The  ZFC  and  FC  data  are 
featureless  and  remain  constant  in  the  100  to  360  K  temperature  range.  Although  the  4.0 
Oe  data  shows  a  slight  dip  around  140  K,  this  is  well  within  the  resolution  of  the 
magnetometer  and  occurs  outside  the  range  of  temperature  where  the  diamagnetic 


Melt-textured  YBaCuO  1-2-3  (MJOOl) 
H=  lOOOe 
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Fig.  5. 10.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  melt-textured 
YBa2Cu307.5  sample  MJOOl  in  H  =  100  Oe.  Note  that  the  hysteretic 
behavior  develops  below  320  K. 


Melt-Textured  YBaCuO  1-2-3  (LHAOOl) 
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Fig.  5.12.  ZFC  and  FC  magnetizations  ofa  melt-textured  YBa2Cu307.5  sample  LHAOOl 

measured  with  field-cooled  cooling  (2,4)  and  field-cooled  warming  (3). 


Fig.  5. 14.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  th^ackground 
[3  Quartz  tubes  +  2  Kel’f  disks]  in  (a)  H  =  4  Oe  and  (b)  H  =  100  Oe. 
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deviations  occur.  Similar  hysteretic  behavior  in  the  ZFC  and  FC  data  have  been  observed 
in  several  other  melt- textured  and  multi-phase  YBaCuO  samples. 

In  summary,  the  magnetic  features  of  the  diamagnetic-hke  deviations  in  the  temperature 
range  of  210  to  350  K  show  some  similarity  to  the  ZFCM  and  FCM  of  bulk 
superconductors  in  that  a  hysteresis  develops  between  the  ZFCM  and  the  FCM  below  T^, 
due  to  flux  trapping  and  that  the  ZFCM/H  response  becomes  less  diamagnetic  for 
increasing  fields  above  H^.  The  exact  nature  of  these  features  will  vary  from  sample  to 
sample  as  well  as  from  measurement  to  measurement  depending  upon  the  conditions  of  the 
measurements.  Thus  the  results  for  the  melt-textured  YBa2Cu307  as  weU  as  for  the 
nominal  YBa2Cu307  single  crystals  are  qualitatively  consistent  with  a  weak  minority 
phase  of  superconducting  material  existing  with  a  T^.  near  room-temperature. 

5.4  Inhomogeneous  ceramic  Y5Ba6CuiiOjj  superconductors 

As  previously  mentioned  zero-resistance  transitions  in  the  240  to  270  K  temperature 
range  have  been  observed  in  the  ceramic  multi-phase  YBaCuO  superconductors. 

Therefore,  it  is  worthwhile  to  see  whether  these  materials  exhibit  any  magnetic  hysteretic 
behavior  similar  to  that  observed  in  the  melt-textured  and  nominal  single  crystals  of  1-2-3 
in  the  higher  temperature  regime  . 

As  discussed  in  Chapter  4  for  a  multi-phase  Y5Ba5Cui  jO^  sample  (GC-l-lA),  a  bulk¬ 
like  superconducting  transition  was  observed  at  92  K  (see  Fig.  4.10)  which  was 
characterized  by  a  large  diamagnetic  response  in  the  zero-field-cooled  magnetization  and  a 
hysteretic  behavior  between  the  ZFCM  and  the  FCM.  However,  upon  more  careful 
examination  of  the  magnetization  data,  we  observed  that  a  hysteresis  between  the  ZFCM 
and  FCM  remained  up  to  336  K.  Furthermore  the  features  of  this  higher  temperature 
hysteresis  are  different  from  those  observed  in  the  melt-textured  and  single-crystal 
samples.  The  results  of  the  higher  temperature  magnetization  measurements  performed  on 
this  ceramic  Y5Ba5CuiiOx  sample  (GC-1-1  A)  for  fields  of  2  Oe  and  5  Oe  are  shown  in 
Figs.  5.15  and  5.16,  respectively.  For  both  fields  the  ZFCM  data  are  positive  and 
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Fig.  5.15.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  multi-phase 
Y5Ba6CuiiO^  sample  (GC-l-lA)  in  H  =  2  Oe. 


YBaCuO  5-6-ll(GC-l-lA) 
H  =  5.0  Oe 


85 


(nui9) 


Fig.  5.16.  ZFC  and  FC  magnetizations  as  a  function  of  temperature  of  a  multi-phase 
YsBa^CuiiO,  sample  (GC-l-lA)  in  H  =  5.0  Oe. 
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essentially  featureless  with  a  weak  temperature  dependence  in  the  350  to  100  K 
temperature  range.  The  FCM  data,  which  is  of  special  interest  in  this  magnetization  data, 
follows  the  ZFC  response  down  to  336  K  and  then  exhibits  a  rapid  positive  increase 
which  remains  essentially  a  fixed  value  above  the  ZFCM  down  to  temperatures  of  100  K. 
The  difference  in  the  magnetization  AM  (=Mp^  -  M2fc)  is  constant  for  temperatures  less 
than  300  K  and  does  not  scale  with  the  magnetic  field  as  demonstrated  by  the  AM  values 
of  2.7  X  10'^  emu  and  4.5  x  10'^  emu  for  fields  of  2  Oe  and  5  Oe,  respectively. 

Furthermore,  it  should  be  noted  that  the  actual  sample  temperature  is  336  K  instead  of 
330  K  as  indicated  in  the  figures.  The  temperature  of  330  K  is  the  thermometer 
temperature  which  is  different  from  the  sample  temperature  for  measurements  performed 
during  this  period  of  time  since  there  was  severe  heating  of  the  sample  by  the  copper-coil 
solenoid.  Thus  the  hysteresis  develops  below  the  temperature  of  336  K.  Additional 
measurements  performed  on  two  other  samples  (GC-l-lD  &  GC-l-lC)  exhibited  similar 
hystereses  between  the  ZFCM  and  FCM  data  below  336  K  as  shown  in  Figs.  5.20  and 
5.21. 

The  aforementioned  features  of  the  hysteretic  behavior  are  different  from  what  we  have 
observed  in  the  melt- textured  and  nominal  single-crystal  samples  of  1-2-3.  In  order  to 
more  fuUy  understand  the  nature  of  the  336-K  transition  and  its  characteristic  features, 
several  other  measurements  were  performed  on  the  5-6-11  samples  varying  the 
experimental  measurement  parameters  as  well  as  preparation  conditions  of  the  samples. 

Our  first  study  was  to  ensure  that  the  observed  hysteretic  behavior  is  independent  of  the 
sample  orientation  with  respect  to  the  applied  magnetic  field.  Therefore,  we  performed 
magnetization  measurements  on  the  sample  GC-l-lA  for  two  different  orientations.  The 
orientation  after  the  first  measurement  was  changed  by  rotating  the  sample  through  90° 
about  the  long  symmetric  axis.  Figure  5.17  clearly  shows  that  both  sets  of  data  overlap 
within  the  experimental  accuracy  which  indicate  that  the  overall  sample  orientation  has  no 
significant  effect  on  the  magnetic  response. 

The  next  step  was  to  confirm  that  the  observed  features  originated  in  the  sample  and  not 
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from  the  background  signal  arising  from  the  sample  holder.  This  was  first  verified  by 
suspending  the  sample  using  a  piece  of  thread  and  then  repeating  the  magnetization 
measurements.  Figures  5.18  and  5.19  show  the  ZFC  and  FC  magnetization  data  for  field 
strengths  of  100  Oe  and  200  Oe.  The  results  are  very  similar  to  that  of  the  low-field  data 
which  suggest  that  the  observed  features  arise  from  the  sample.  Additional  magnetization 
measurements  were  repeated  on  the  quartz  sample  holder  and  the  results  are  shown  in 
Fig.  5.20.  For  comparison,  the  results  for  GC-l-lD  are  plotted  on  the  same  figure  and 
one  clearly  sees  that  the  features  observed  in  the  FC  response  are  due  to  the  sample.  The 
ZFCM  and  FCM  results  for  the  sample  holder  are  essentially  identical  and  remain  a 
constant  in  the  100  to  360  K  temperature  range. 

We  also  looked  at  other  characteristics  of  this  transition.  For  instance,  the  magnetic 
response  to  a  field  reversal  in  which  the  magnetization  measurements  were  performed  for 
two  different  polarities  at  the  same  field  strength.  Figure  5.21  shows  the  ZFC  and  FC 
magnetization  data  for  field  strengths  of  +5  Oe  and  -5  Oe.  It  is  interesting  to  note  that  one 
set  of  data  is  a  mirror  image  of  the  other,  indicating  that  the  336-K  transition  and  the 
associated  features  are  independent  of  the  field  direction. 

An  alternate  way  to  investigate  the  characteristics  of  this  transition  is  to  study  the  M 
versus  H  curves  for  ZFC  and  FC  measurements  at  various  temperatures.  Figures  5.22a  - 
5.22b  show  the  M  versus  H  plots  for  measurements  done  after  zero-field  cooling  (open 
circles)  the  sample  to  temperatures  of  100  K  and  250  K  as  well  as  the  highest  measuring 
temperature  of  360  K  (closed  circles).  The  data  indicate  that  the  ZFC  magnetization 
increases  linearly  with  the  applied  field.  Next  we  compared  M  versus  H  results  at  100  K 
for  both  the  ZFC  and  FC  processes.  For  the  ZFC  process,  the  sample  was  cooled  in  a 
nominal  zero  field  from  a  temperature  of  360  K  down  to  100  K  and  then  the  magnetization 
was  measured  as  a  function  of  the  field  H.  Whereas  in  the  FC  process,  the  sample  was 
cooled  in  a  set  field  from  360  K  to  100  K  and  three  measurements  for  M  were  taken  at 
100  K  with  the  average  value  being  plotted  for  the  corresponding  field  strength.  This  was 
repeated  for  six  other  fields.  The  results  shown  in  Fig.  5.23  indicate  that  the  ZFC 
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Fig.  5.22.  M  versus  H  for  sample  (GC-l-lA)  at  (a)  T  =  100  K  and 
(b)  at  T  =  250  K  (ZFC)  and  T  =  360  K. 
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magnetization  exhibits  a  linear  function  of  the  magnetic  field;  while  the  FC  magnetization 
initially  increases  more  rapidly  with  the  field  and  then  maintains  a  similar  slope  as  the 
ZFCM  at  higher  fields.  Alternatively  one  can  look  at  the  behavior  of  AM(=Mp^-M2Fc) 
versus  H  at  100  K.  Figure  5.24  shows  a  semi-log  plot  of  AM  versus  H  for  samples 
GC-l-lA  and  GC-l-lC.  AM  for  GC-l-lC  appears  to  increase  rapidly  with  the  magnetic 
field  initially  and  then  becomes  constant  at  fields  higher  than  ~  6  Oe,  while  the 
magnetization  AM  does  not  saturate  until  higher  fields  for  GC-l-lA.  This  initial  rapid 
increase  in  the  magnetization  AM  followed  by  a  saturation  of  the  magnetization  is  more 
clearly  evident  in  the  low-field  plot  of  AM  versus  H  for  sample  GC-l-lC  in  Fig.  5.25. 
These  features  suggest  that  the  cause  of  the  336-K  transition  is  related  to  a  material  phase 
whose  magnetization  can  be  easily  saturated  at  low-field  strengths. 

In  continuing  the  investigation  on  the  characteristics  of  the  336-K  transition  we  decided 
to  pulverize  a  sample  and  perform  magnetization  measurements  on  the  powder.  A  new 
sample  from  the  batch  GC-1-2  which  exhibits  the  336-K  transition  was  powdered  to  an 
average  size  of  9-12  pm  using  an  agate  mortar  and  pestle.  Figure  5.26  shows  the  ZFCM 
signal  to  be  essentially  featureless,  whereas  the  FC  data  stiU  exhibits  the  transition  at 
-336  K  but  with  a  more  gradual  increase  in  the  FCM  instead  of  the  rapid  rise  as  observed 
before  pulverization.  This  feature  could  arise  from  the  loose  mechanical  contact  between 
the  grains  after  pulverizing  the  sample  to  a  powder.  Nevertheless  the  hysteretic  behavior 
StiU  occurs  at  -336  K  even  after  the  sample  is  pulverized . 

As  part  of  the  investigation  into  the  nature  of  the  transition,  we  looked  at  samples 
synthesized  using  different  preparation  conditions.  The  Y5Ba5Cuj  jO^  sample  (J02C) 
was  prepared  using  nitrate  and  oxide  powders  as  starting  materials.  The  powders  were 
mixed  and  homogenized  in  a  nitric  acid  solution.  After  heating  to  950°C  in  flowing  Oj  for 
18  hours,  the  reacted  powders  were  quenched  to  room  temperature  in  air.  This  procedure 
was  repeated  four  more  times  with  intermediate  grindings.  Figure  5.27  shows  a  positive 
rise  in  the  FCM  response  at  about  336  K  in  one  of  these  samples.  Even  though  the 
synthesis  method  is  different  from  the  GC-1-1  batch  of  samples,  the  overall  behavior  in 
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Fig.  5.23.  M  versus  H  for  sample  (GC-l-lC)  at  100  K  in  ZFC  and  FC  processes. 
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Fig.  5.24.  Magnetization  AM(=Mp(,-M2Fc)  as  a  function  of  applied  field  for  samples 
GC-l-lA(o)andGC-l-lC(«)atT=  100  K. 
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Fig.  5.25.  Magnetization  AM(=Mpc-M2|^)  as  a  function  of  applied  field  for  sample 


2.0e-6 


98 


(nma) 


a  pulverized 


8.0e-7 


99 


_j _ _ _ _ — I — I — . — i — •— 1  8 

rp  -* 

s  s  s 

VO  Tt  <S 

(nuis) 


100 


the  magnetization  data  are  very  similar.  Furthermore,  samples  prepared  using  the 
carbonate  route  with  different  nominal  YBaCuO  compositions,  such  as  4-5-9  and 
1-2-4,  have  been  investigated  and  exhibit  hysteretic  behavior  below  -336  K.  A  hst  of 
samples  that  exhibit  this  magnetic  transition  around  336  K  is  shown  in  Table  6.1. 

The  results  presented  so  far  in  this  section  can  be  summarized  as  follows:  numerous 
multi-phase  YBaCuO  ceramic  samples  exhibit  a  hysteretic  behavior  between  the  ZFCM 
and  FCM  data  below  336  K.  The  ZFCM  data  is  essentially  featureless  with  a  weak 
temperature  dependence  in  the  300  to  100  K  temperature  range.  A  sizeable  positive 
increase  in  the  field-cooled  data  occurs  around  336  K  and  this  feature  is  observed  for  all 
field  strengths  ranging  from  2  Oe  to  200  Oe.  In  addition,  the  change  in  the  sample 
orientation  and  pulverization  of  the  sample  had  no  effect  on  the  observed  magnetic 
behavior  or  the  336-K  transition.  Furthermore,  this  behavior  is  reproducible  as 
measurements  repeated  many  times  on  a  given  sample  resulted  the  ZFC  and  FC 
magnetization  coinciding  within  the  sensitivity  of  the  SQUID  magnetometer.  Some  of  the 
measurements  were  done  after  the  sample  had  been  placed  in  a  desiccator  for  two  years 
which  had  been  periodically  flushed  with  oxygen  gas. 

These  features  associated  with  the  336-K  transition  can  be  understood  in  terms  of  two 
possible  effects:  the  presence  of  a  small  amount  of  ferromagnetic  impurities  or  a  strong 
flux  pinning  of  a  superconducting  region.  Even  though  the  starting  materials  Y2O3, 
Ba2C03  and  CuO  used  in  the  preparation  of  5-6-11  are  of  high  quality  (99.99%  purity), 
there  is  always  a  trace  amount  (few  parts  per  million)  of  metal  impurities^  present  in  these 
materials  and  the  common  ferromagnetic  impurity  present  is  iron  or  iron  oxide. 
Furthermore,  it  is  possible  to  have  ferrimagnetic  materials  in  the  5-6-1 1  sample  such  as 
yttrium  iron  garnet  (5Fe203  •  3Y2O3)  and  barium  ferrite  (BaO  •  6Fe203)  with  Curie 
temperatures  in  the  range  of  500  to  800°C.'^  However,  the  336-K  transition  cannot  be 
attributed  to  these  impurities.  If  ferromagnetic  or  ferrimagnetic  impurities  were  present  in 
the  starting  materials  then  it  should  be  present  in  all  the  samples  prepared  from  the  same 
starting  materials  and  one  should  therefore  expect  all  samples  to  exhibit  the  features 
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Sample  Material 

GC-l-lA 

Ceramic  YBaCuO  5-6-11 

GC-l-lB 

Yes 

GC-l-lC 

Yes 

GC-l-lD 

Yes 

GC-1-2A 

Yes 

GC-1-2B 

Yes 

GC-1-2C 

Yes 

GC-1-2D 

Yes 

JOIA 

YBaCuO  5-6-1 1,  prepared  using  nitrate  method 

JOIB 

Yes 

JOIC 

Yes 

JOID 

Yes 

JOIE 

Yes 

J02A 

Yes 

J02B 

Yes 

YBC459B 

YBaCuO  4-5-9,  prepared  using  carbonate  route 

YBC459HC 

Yes 

YBC459HE 

Yes 

YBC459HG 

Yes 

YBC124HJ 

YBaCuO  1-2-4,  prepared  using  carbonate  route 

YBC124HO 

Yes 

YBC124HM 

Yes 

Table  5.1.  Samples  which  show  336  K  transition. 
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associated  with  the  336-K  transition.  In  contrast,  only  about  50%  exhibit  the  observed 
features.  Furthermore,  we  saw  the  saturation  of  the  magnetization  occurs  at  low  fields, 
such  behavior  is  not  typical  for  ferromagnetism.  Even  if  present,  the  Curie  temperatures'^ 
of  these  ferromagnetic  and  ferrimagnetic  materials  are  far  above  the  336  K.  Thus  we 
exclude  the  possibility  of  the  336-K  transition  being  due  to  the  presence  of  these 
ferromagnetic  or  ferrimagnetic  impurities. 

The  other  possible  effect  would  be  the  existence  of  a  very  thin  layer  of  336-K 
superconducting  material  with  paramagnetic  inclusions.  It  is  observed  that  the  ZFCM  data 
is  essentially  featureless  in  the  transition  region  of  336  K.  If  the  size  of  the  penetration 
depth  is  comparable  to  the  dimensions  of  the  superconducting  regions,  the  diamagnetic 
response  (or  the  field  exclusion)  could  be  substantially  suppressed  so  that  the  ZFCM  may 
be  nearly  zero.  In  addition,  this  signal  would  be  superimposed  upon  a  more  dominant 
paramagnetic  background  which  arises  from  the  nonsuperconducting  regions  of  the 
sample  above  100  K.  Whereas  in  the  FCM,  these  superconducting  regions  could  permit 
large  flux-trapping  with  vortices  having  fields  of  Hjj^j  »H(,j>H.  If  these  pinning  sites 
contained  paramagnetic  inclusions,  the  magnetic  response  could  be  enhanced  by  the 
trapped  magnetic  field  in  the  vortex  and  in  fact  even  be  saturated.  This  would  result 
in  a  FCM  that  has  a  spontaneous  "ferromagnetic-like"  behavior. 

Effect  of  post-annealing  in  oxygen,  ozone  or  argon 

In  our  effort  to  further  elucidate  the  material  characteristics  associated  with  this 
hysteretic  behavior,  several  samples  were  subjected  to  various  annealing  treatments.  It  is 
weU  known  that  the  electrical  and  superconducting  properties  of  the  ceramic  YBa2Cu307.§ 
superconductors  are  strongly  dependent  upon  the  oxygen  concentration.^'®  Thus  it  is 
expected  that  different  annealing  treatments  could  bring  changes  in  the  characteristic 
features  of  this  336-K  transition  or  even  the  transition  temperature.  In  this  section  the 
magnetization  results  on  samples  treated  in  high  oxygen  pressure,  ozone,  and  argon  are 
presented. 
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High  oxygen  pressure  treatment 

The  sample  GC-l-lA  used  in  the  preceding  study  was  placed  inside  a  high-pressure 
cell  which  was  connected  to  an  oxygen  cylinder.  The  sample  was  maintained  at  a  pressure 
of  130  atm  and  a  temperature  of  104°C  for  nearly  200  hours,  followed  by  a  pressure 
change  to  120  atm  when  cooled  to  24°C.  The  sample  remained  at  24°C  for  additional  24 
hours.  Immediately  after  removing  the  sample  from  the  high  pressure  cell,  magnetization 
measurements  were  performed  in  an  oxygen  environment.  The  ZFCM  and  FCM  results 
corresponding  to  before  and  after  the  high-pressure  oxygen  treatment  are  displayed  in 
Fig.  5.28.  Even  though  the  transition  seems  to  have  shifted  to  -336  K  after  the  treatment, 
the  overall  shape  remains  the  same  in  both  ZFCM  and  FCM  data.  As  previously 
mentioned,  the  shift  in  the  observed  transition  temperature  is  caused  by  an  experimental 
artifact  of  the  sample  being  heated  by  the  copper-coil  solenoid  in  the  earlier  measurement. 
From  these  results  we  conclude  that  the  high  oxygen  pressure  treatment  does  not  affect  the 
336-K  transition  or  its  characteristics. 

Ozone  treatment 

Another  sample  (GC-1-2)  was  treated  in  flowing  ozone  at  room  temperature  for  eight 
days  using  the  ozonizer  which  is  described  in  Chapter  3.  The  results  of  the  ZFCM  and 
FCM  data  in  Fig.  5.29  show  no  noticeable  difference  in  the  features  of  this  data  after  the 
ozone  treatment  in  comparison  to  other  samples  which  were  measured  without  having 
undergone  any  ozone  treatment.  Even  though  no  characterization  was  done  to  estimate  the 
oxygen  content  in  the  sample,  a  visual  inspection  indicated  the  sample  to  be  darker  after 
the  ozone  treatment.  This  is  an  indication  that  the  ozone  has  produced  some  surface 
reaction  in  the  sample  but  it  is  uncertain  whether  this  is  chemical  or  physical.  However  the 
ozone  treatment  has  no  effect  upon  the  characteristics  of  the  336-K  transition. 

Additional  treatments  were  performed  on  samples  J02B  and  J02A  over  a  period  of  8 
and  50  days,  respectively.  Again  no  significant  changes  in  the  magnetization  data  for  both 
samples  are  observed  as  seen  in  Figs.  5.30  and  5.31.  We  conclude  that  the  ozone 
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treatment  which  causes  an  in-diffusion  of  oxygen  does  not  affect  the  observed  transition  or 
its  characteristics. 

Argon  annealing 

As  previously  stated,  in  the  1-2-3  system  can  change  depending  upon  the  oxygen 
stoichiometry  in  the  YBa2Cu307.5  (0  <  5  <  1)  structure.  The  8  =  0  phase  corresponds  to 
the  92-K  superconductor,  8  =  0.3  -  0.5  to  a  60-K  superconductor,  and  8  >  0.5  is 
nonsuperconducting  and  approaches  a  semiconductor  behavior  for  8  =  1.  According  to 
Park  et  al.,^  the  of  1-2-3  is  observed  to  decrease  from  92  K  to  77  K  upon  losing 
oxygen  from  the  structure  which  resulted  in  an  expansion  of  the  c-axis.  Further 
studies^'^  have  shown  that  when  oxygen  is  systematically  removed  from  the  structure  of 
YBa2Cu307.5,  a  structural  transformation  from  orthorhombic  (8  <  0.5)  to  tetragonal 
(8  >  0.5)  occurs.  In  order  to  produce  an  out-diffusion  of  oxygen  in  the  5-6-11  samples, 
they  were  annealed  in  pure  argon  gas.  During  such  a  process  the  specimen  goes  through  a 
thermal  cycle  which  causes  the  grains  to  expand  and  contract  while  squeezing  the  oxygen 
out  through  the  surface.  Since  the  sample  is  in  an  oxygen  free  environment, 
in-diffusion  of  any  oxygen  should  be  minimal. 

In  order  to  monitor  the  reaction  processes  and  the  oxygen  diffusion  during  the  heating 
and  cooling  cycles  of  a  5-6-1 1  sample,  a  series  of  annealing  treatments  were  performed  in 
a  pure  argon  atmosphere  using  the  DTA/TG  system.  Immediately  after  each  annealing 
treatment,  magnetization  measurements  were  performed  as  a  function  of  temperature  in  the 
range  from  5  K  to  360  K.  In  this  section  the  results  of  the  magnetization  study  and  the 
thermal  analyses  are  presented. 

Sample  GC-l-lC  which  exhibited  the  336-K  transition  as  shown  in  Fig.  5.32  was 
placed  in  an  alumina  cmcible  inside  the  DTA/TG  system  furnace  and  annealed  in  flowing 
argon  at  55  cc/min  for  various  heating  schedules.  For  the  first  anneal,  the  sample  was 
heated  from  room  temperature  to  800°C  at  a  rate  of  3°C  per  minute,  followed  by  4  hours 
of  annealing  at  800°C,  and  finally  cooled  to  room  temperature  at  a  rate  of  3°C  per  minute. 
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The  DTA  data  showed  no  features  although  a  0.4  %  weight  loss  is  indicated  by  the 
thermogravimetric  data.  The  magnetization  data  similarly  showed  no  change  from  the 
initial  data  in  the  higher  (see  Fig.  5.33)  temperature  regime. 

The  DTA/TG  results  for  the  second  anneal  shown  in  Fig.  5.34  displays  another  weight 
loss  of  about  0.4%  as  indicated  by  the  thermogravimetric  signal  decrease  at  800°C.  The 
total  weight  loss  in  the  first  two  anneals  is  presumably  the  out-diffusion  of  oxygen  from 
the  sample.  Since  the  constituent  materials  in  a  nominal  5-6-11  sample  are  1-2-3,  2-1-1, 
and  0-0-1  (CuO)  in  a  molar  ratio  of  7  :  4  :  8,  then  a  0.8  %  loss  would  result  in  a  change  in 
5  of  0.5  for  the  YBa2Cu307.5  material.  This  oxygen  loss  should  be  sufficient  to  change 
the  bulk  Tj,  from  92  K  to  a  lower  temperature  on  the  order  of  60  K.  This  is  exactly  what  is 
observed  in  Fig.  5.35  which  displays  a  weak  transition  near  92  K  and  a  much  stronger 
diamagnetic  deviation  at  ~  50  K.  Since  the  DTA  response  does  not  show  any  significant 
features,  this  indicates  the  absence  of  any  reaction  occurring  during  the  annealing  process 
which  could  affect  the  lowering  of  T,,.  Hence  the  shift  in  the  transition  to  a  lower 
temperature  is  caused  by  the  loss  in  oxygen  in  the  YBa2Cu307.5  structure.  The 
magnetization  data  in  the  higher  temperature  regime  as  seen  in  Fig.  5.36  show  no 
significant  change  in  either  the  ZFCM  or  the  FCM. 

Figure  5.37  shows  the  DTA/TG  data  from  the  third  annealing  which  used  the  same 
schedule  as  before  except  that  the  holding  period  at  800°C  is  for  6  hours  in  flowing  argon. 
The  thermal  results  are  similar  to  the  data  taken  during  the  second  anneal  except  for  the 
occurrence  of  an  additional  weight  loss  of  about  0.4  %.  Again  this  weight  loss  is  due  to 
the  out-diffusion  of  oxygen  from  the  1-2-3  phase  in  the  sample  since  the  DTA  data  shows 
no  reactions  occurring.  This  is  reflected  in  the  low-temperature  magnetization  data 
(Fig.  5.38  for  5  and  10  Oe  fields)  which  show  the  complete  disappearance  of  the  92-K 
phase  and  a  reduction  in  the  amount  of  superconducting  phase  below  ~  50  K.  Again  this 
annealing  had  no  effect  upon  the  features  of  the  336-K  transition.  (See  Fig.  5.39.) 

The  fourth  annealing  consisted  of  the  sample  being  held  at  900°C  for  4  hours.  The 
DTA/TG  results  in  Fig.  5.40  show  an  overall  weight  loss  of  about  1.8%  in  the  TG 
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Fig.  5.34.  DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample  (GC-l-lC)  after 
the  second  anneal  in  argon. 
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Fig.  5.35.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)  after  second 
argon  anneal.  Note  the  weak  92-K  transition. 
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Fig.  5.37.  DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample  (GC-l-lC)  after 
the  third  anneal  in  argon. 


YBaCuO  5-6-1 1(GC-1- 1C) 


116 


(30/nui9)H/W 


Fig.  5.38.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  and  10  Oe  of  a  sample  (GC-l-lC) 
after  the  third  argon  anneal.  Note  the  absence  of  the  92-K  phase. 
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Fig.  5.39.  ZFC  and  FC  magnetizations  in  H  =  10  Oe  of  a  sample  (GC-l-lC)in  the  higher 
temperature  regime  after  the  third  anneal  in  argon. 
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response,  while  the  DTA  indicates  an  endothermic  peak  beginning  at  840°C  during  heating 
and  an  exothermic  peak  also  developing  at  840°C  during  cooling.  This  exothermic  peak  is 
accompanied  by  an  additional  0.15  %  weight  loss  in  the  TG  signal.  A  visual  inspection  of 
the  sample  surface  clearly  indicates  some  melting  has  taken  place  which  further  supports 
that  the  observed  endothermic  peak  at  840°C  corresponds  to  melting  and  the  exothermic 
peak  to  solidification  during  the  cooling  process.  This  endothermic  peak  is  associated 
with  the  following  peritectic  reaction: 

YBa2Cu30x  +  CuO  -  Y2BaCu05  +  L(pl) 

which  continues  until  either  all  of  the  YBa2Cu30x  or  CuO  is  completely  consumed.  A 
weight  loss  also  accompanies  this  reaction  and  is  due  to  an  oxygen  loss  from  the  melting 
of  the  YBa2Cu30x  phase  and  from  CuOj.y.  As  the  liquid  cools,  the  reverse  reaction 
occurs  with  the  liquid  melt  and  2-1-1  forming  YBa2Cu30x  starting  from  the  outside.  This 
reaction  does  not  go  to  completion  and  thus  one  has  additional  amounts  of  2-1-1,  CuO, 
and  other  phases  remaining.  This  suggests  that  the  presence  of  the  additional  2-1-1,  CuO, 
and  liquid-melt  should  lead  to  a  more  paramagnetic  behavior  at  higher  temperatures. 
Indeed,  both  ZFCM  and  FCM  data  show  a  more  paramagnetic  behavior  (see  Fig.  5.41) 
than  after  the  previous  annealings.  Furthermore,  the  difference  in  the  magnetization  AM  is 
temperature  dependent  below  250  K  and  decreases  in  magnitude  at  the  lower  temperatures. 
It  should  further  be  noted  that  the  transition  at  -336  K  and  the  characteristic  upturn  feature 
of  the  FCM  remain  the  same.  For  comparison.  Fig.  5.42  shows  data  before  the  first 
armealing  in  argon  and  after  the  fourth  annealing  and  clearly  demonstrates  the  increased 
paramagnetic  behavior.  Again  the  magnetization  data  below  100  K  (see  Fig.  5.43)  show  a 
broad  transition  around  55  K  and  the  absence  of  any  92-K  phase.  This  is  consistent  with 
an  increase  in  the  molar  fraction  of  the  paramagnetic  2-1-1  phase  and  a  decrease  in  the 
amount  of  superconducting  YBa2Cu307.5  (5  ~  0.5)  phase. 

After  the  fifth  argon  anneal  in  which  the  sample  was  held  at  9(X)°C  for  4  hours,  another 
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Fig.  5.40.  DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample  (GC-l-lC)  after 

the  fourth  anneal  in  argon.  Note  the  endothermic  and  exothermic  peaks  developing 
at  840°C  during  heating  and  cooling  respectively. 
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Fig.  5.41 .  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)in  the  higher 
temperature  regime  after  the  fourth  anneal  in  argon. 
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Fig.  5.42.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)  before  the 
first  annealing  and  after  the  fourth  annealing  in  argon.  Note  the  increased 
paramagnetic  behavior. 
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Fig.  5.43.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)after  the  fourth 
anneal  in  argon. 
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interesting  feature  was  observed  in  the  heating  DTA  curve.  In  addition  to  the  840°C 
endothermic  peak,  another  endothermic  peak  is  evident  at  815°C  which  is  also 
accompanied  by  a  weight  loss  of  about  0.1  %.  (See  Fig.  5.44.)  While  in  the  cooling 
DTA  curve,  only  the  exothermic  peak  at  840°C  is  obtained  which  is  accompanied  by  a 
0.1%  weight  loss.  Again  partial  melting  is  evidenced  by  a  visual  inspection.  The 
endothermic  peak  at  815°C  is  associated  with  an  eutectic  melting  reaction  of: 

YBa2Cu30x  +  BaCu02  +  CuO  ^  L(el). 

The  endothermic  peak  at  840°C  stUl  corresponds  to  the  peritectic  reaction  of  1-2-3  and 
CuO  as  before.  The  magnetization  data  in  Fig.  5.44  show  the  response  to  be  more 
paramagnetic  which  is  understood  in  terms  of  the  oxygen  deficient  YBa2Cu307.§  and  the 
formation  of  more  paramagnetic  2-1-1.  Furthermore,  it  should  be  noted  that  even  after 
five  annealings  the  336-K  transition  remains  unperturbed  as  seen  in  Fig.  5.45. 

The  sixth  annealing  (925°C  for  4  hours)  shows  another  0.6%  weight  loss  with  the 
same  features  in  both  heating  and  cooling  DTA  curves  (see  Fig.  5.46)  as  observed  after 
the  fifth  anneal.  The  high-temperature  magnetization  data  shown  in  Fig.  5.47  appear  to  be 
more  paramagnetic  than  before.  In  the  low  temperature  regime  the  transition  at  50  K  is 
still  present;  however  upon  careful  examination  of  the  data  in  Fig.  5.48,  there  is  the 
reappearance  of  a  ~  90-K  superconducting  transition.  This  suggests  that  the  repeated 
annealing  cycles  and  the  accompanying  reactions  have  given  rise  to  the  reappearance  of 
more  fully  oxygenated  YBa2Cu307  regions  in  the  sample.  This  could  occur  because  local 
regions  of  2-1-1  and  CuO  are  able  to  permit  the  internal  diffusion  of  the  oxygen  into 
YBa2Cu305  5  and  correspondingly  some  of  the  oxygen  deficient  YBa2Cu307.5  regions 
become  fuUy  oxygenated. 

The  sample  was  then  subjected  to  a  final  annealing  at  950°C  for  2  hours.  In 
Fig.  5.49  the  TG  curve  shows  an  overall  weight  loss  of  0.8%  and  the  structures  at 
815°C  and  840°C  in  the  DTA  curve  are  more  evident.  The  magnetization  results  after  the 
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Fig.  5.44.  DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample  (GC-l  -lC)  after 

the  fifth  anneal  in  argon.  Note  that  in  addition  to  the  endothermic  and  exothermic 
peaks  developing  at  840°C  an  additional  endothermic  peak  occurs  at  815°C. 
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id  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)  after  the  fifth 
in  argon. 
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Fig.  5.46.  DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample  (GC-l-lC)  after 
the  sixth  anneal  in  argon. 
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Fig.  5.47.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC- 1-1 C)  after  the  sixth 
anneal  in  argon.  Note  the  increase  in  the  paramagnetic  behavior. 


YBaCuO  5-6-1 1(GC-1-1C) 
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Fig.  5.48.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)  after  the  fifth 

anneal  in  argon.  Note  the  reappearance  of  the  -  90-K  superconducting  transition 
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final  treatment  are  shown  in  Figs.  5.50  -  5.52.  The  ZFCM  and  FCM  data  above  100  K 
are  similar  to  the  previous  run  and  show  a  paramagnetic  behavior  with  an  increasing 
upward  curvature  from  200  K  to  100  K.  The  main  superconducting  transition  around  50 
K  is  still  present  with  a  small  shift  from  90  K  to  85  K  for  the  higher  temperature 
diamagnetic  deviation  as  seen  in  Fig.  5.52. 

X-ray  analysis  performed  on  the  sample  immediately  after  the  argon  annealing 
treatments  shows  an  increase  in  the  amount  of  2-1-1  and  a  decrease  in  the  1-2-3  phases  as 
clearly  seen  in  Fig.  5.54.  This  is  further  evidenced  by  comparing  this  data  with  the  x-ray 
diffraction  pattern  obtained  before  the  annealings  as  shown  in  Fig.  5.53.  This  observation 
confirms  the  reduction  in  the  volume  fraction  of  the  1-2-3  phase  and  explains  the 
paramagnetic  behavior  exhibited  by  the  sample  after  the  series  of  annealings  as  due  to  the 
formation  of  more  insulating  2-1-1  phase.  Also  the  1-2-3  structure  is  found  to  be  more 
tetragonal  than  orthorhombic  after  the  annealing  treatments.  This  is  consistent  with  the 
explanations  given  in  the  preceding  paragraphs. 

In  summary,  the  ozone  and  high  oxygen  pressure  treatments  did  not  produce  any 
changes  in  the  transition  or  the  features  associated  with  it.  The  results  of  the  argon 
annealing  treatments  for  different  heating  schedules  show  that  the  magnetization  data 
becomes  increasingly  paramagnetic  due  to  increasing  amounts  of  2-1-1,  while  the 
transition  at  -336  K  with  the  original  features  remain  intact.  The  repeated  loss  in  weight 
after  each  run  is  due  to  the  out-diffusion  of  oxygen  from  the  sample  which  is  substantiated 
by  the  disappearance  of  the  92-K  superconducting  phase  associated  with  YBa2Cu307. 

The  enhancement  of  the  paramagnetic  behavior  is  due  to  the  formation  of  the  2-1-1  and 
other  impurity  phases  which  reduces  the  overall  volume  fraction  of  the  YBa2Cu307_§ 
phase(s).  The  transition  around  50  K  is  present  after  the  second  annealing  treatment, 
while  the  90-K  transition  disappears  after  the  third  annealing  and  reappears  after  the  sixth 
annealing.  This  is  understood  in  terms  of  the  formation  of  2-1-1  and  other  phases  during 
melting  and  the  reappearance  of  the  fully  oxygenated  YBa2Cu307  due  to  local  or  internal 
diffusion  of  oxygen  from  other  1-2-3  regions  or  CuO. 
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Fig.  5.49.  DTA  and  TG  curves  as  a  function  of  temperature  of  a  sample  (GC-l-lC)  after 
the  seventh  anneal  in  argon. 
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Fig.  5.51.  ZFC  and  FC  magnetizations  in  H  =  5  Oe  of  a  sample  (GC-l-lC)  after  the  seventh 
anneal  in  argon. 
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Fig.  5.52.  Expanded  version  of  the  ZFC  and  FC  magnetizations  in  H  —  5  Oe  of  a  sample 
(GC-l-lC)  after  the  seventh  anneal  in  argon.  Note  that  the  transition  at  50  K 
is  still  present  and  the  90-K  is  shifted  to  85  K. 


Fig.  5.53.  X-ray  diffraction  pattern  of  the  sample  (GC-l-lC)  before  the  argon  annealing 
treatments. 
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5.5  Absence  of  the  336-K  transition  in  Y5Ba6CuiiOx  samples 

During  this  investigation,  about  50%  of  the  40  multi-phase  YBaCuO  samples  have 
exhibited  hysteretic  behavior  around  336  K.  Even  though  the  samples  are 
stoichiometrically  the  same,  a  difference  in  the  synthesis  conditions  during  the  fabrication 
of  each  sample  might  be  the  cause  of  different  magnetic  characteristics.  For  example, 
sample  GC-l-lE  belongs  to  the  same  original  batch  as  GC-1-1A,B,C  and  D  and  the  only 
difference  is  that  sample  GC-l-lE  did  not  have  the  final  oxygen  anneal.  Fig.  5.55  shows 
the  magnetization  data  for  this  sample.  Surprisingly  no  hysteresis  is  observed  between  the 
ZFC  and  FC  magnetization  data.  The  data  also  can  be  fit  to  the  sum  of  the  magnetizations 
of  1-2-3,  2-1-1,  and  CuO  in  a  7  ;  4  :  8  ratio.  Furthermore,  the  magnetization  data  for  other 
5-6-11  samples  (5-25  and  240-1)  shown  in  Figures  5.56-5.57  indicate  similar  ZFCM  and 
FCM  responses  within  the  experimental  accuracy  and  the  absence  of  any  hysteretic 
behavior.  It  is  not  clear  how  quenching  plays  a  role  in  the  observation  of  the  336-K 
transition  because  quenching  a  sample  should  avoid  the  formation  of  the  orthorhombic 
92-K  superconducting  phase  during  cooling.  These  results  suggest  that  the  preparation 
condition  plays  a  crucial  role  in  the  observation  of  the  336-K  transition.  The  most  striking 
data  was  obtained  for  the  5-6-11  samples  prepared  using  the  nitrates  method.  Five 
different  batches  of  5-6-11  samples  were  prepared  from  nitrate  and  oxide  powders  as 
starting  materials.  Out  of  the  five  batches,  two  batches  had  samples  that  clearly  showed 
the  hysteretic  behavior  in  their  magnetization  data  below  336  K.  Even  though  the 
synthesis  conditions  were  the  same,  this  result  seems  to  indicate  the  appearance  of  a 
minority  phase  is  extremely  sensitive  to  the  synthesis  conditions,  such  as  temperature, 
flow  rate  of  the  ambient  gas,  the  heating  and  cooling  rate,  etc.  A  more  detail  study  of  the 
effects  upon  the  synthesis  conditions  is  underway  and  will  be  presented  in  another 
dissertation.^®  Furthermore,  Figs.  5.58-5.59  show  the  SEM  micrographs  of  the  5-6-11 
samples  labelled  GC-l-lC  and  GC-1-2A.  The  dark  areas  represent  the  grains  and  the 
lighter  areas  represent  the  region  surrounding  the  grains,  which  are  presumably  insulating. 
It  is  seen  that  the  grains  do  not  have  well  defined  edges  at  low  magnification 
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Fig.  5.56.  7FC  and  FC  magnetizations  in  H  =  5  Oe  of  a  multi-phase  YsBa^Cujj 
sample  (5-25). 
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Fig.  5.58.  SEM  micrograph  of  a  multi-phase  Y 
Note  the  plate-like  crystallite  regions. 
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Fig.  5.59.  SEM  micrograph  of  a  multi-phase  Y5Ba6CuiiO^  sample  (GC- 1-2 A). 
Note  the  plate-like  crystalhte  regions. 
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Fig.  5.60.  SEM  micrograph  of  a  multi-phase  Y5Ba6Cu^iO^  sample  (GC-1- IE). 

Note  that  the  grain  edges  are  fuzzy  and  the  absence  of  plate-like  structures. 
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which  is  a  strong  indication  of  partial  melting  in  these  samples.  Also  the  micrographs 
indicate  the  formation  of  large  plate-like  crystalhte  regions  in  both  samples.  It  should  be 
noted  that  similar  microstructural  features  are  observed  in  other  samples  which  show  the 
336-K  transition.  The  SEM  micrograph  for  GC-l-lE  which  does  not  exhibit  the  336-K 
transition,  shows  the  surface  to  be  granular  and  the  grain  edges  to  be  fuzzy.  This  is 
indicative  of  the  absence  of  melting  in  this  sample.  (See  Fig.  5.60.) 

In  summary,  the  preceding  study  of  the  multi-phase  Y5Ba6CuiiOx  shows  a  rapid 
positive  increase  in  the  EC  magnetization  data  at  -336  K.  Over  a  dozen  samples 
synthesized  from  different  starting  batches  of  oxides  were  found  to  exhibit  this  transition. 
The  hysteresis  develops  in  the  same  temperature  range  and  is  even  maintained  below 
90  K  where  the  superconductivity  is  associated  with  the  predominant  YBa2Cu307  phase. 
Furthermore,  the  various  annealing  treatments  including  high  oxygen  pressure  and  ozone 
done  on  the  samples  in  order  to  modify  the  material  characteristics  did  not  bring  about  any 
significant  changes  in  the  transition  or  in  the  associated  features.  One  sample  underwent  a 
total  of  seven  argon  annealings.  This  resulted  in  the  sample  becoming  more  paramagnetic, 
while  the  overall  features  associated  with  the  336-K  transition  remained  the  same.  X-ray 
analysis  performed  after  these  treatments  showed  a  structural  change  from  orthorhombic  to 
tetragonal  and  the  formation  of  additional  2-1-1.  It  is  interesting  to  note  that  not  aU 
samples  that  belong  to  the  same  batch  exhibit  the  features  observed  in  the  336-K 
transition.  Furthermore  the  SEM  micrographs  for  samples  which  exhibit  this  transition 
show  the  formation  of  large  plate-like  crystallites  and  partial  melting. 

5.6  Summary 

From  this  study,  ZFCM  and  FCM  data  for  a  variety  of  multi-phase  5-6-11,  nominal 
1-2-3  single  crystals,  and  melt-textured  1-2-3  samples  exhibit  a  hysteresis  in  the  ZFCM 
and  FCM  data.  The  magnetic  features  observed  in  these  materials  can  be  classified  into 
four  general  behaviors: 

(i)  a  smooth  convergence  of  the  FCM  and  ZFCM  with  a  paramagnetic-like  behavior  in  the 
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FCM; 

(ii)  a  smooth  convergence  of  the  FCM  and  ZFCM  with  the  absence  of  paramagnetic-like 
behavior  in  the  FCM; 

(iii)  diamagnetic-like  deviations  or  jumps  in  the  ZFCM; 

(iv)  a  positive  rapid  increase  in  the  FCM  followed  by  a  constant  difference  in  the  ZFCM 
and  FCM  at  low  temperatures. 

The  hysteretic  behavior  between  the  ZFCM  and  FCM  data  in  the  nominal  single  crystals 
and  the  melt- textured  materials  show  features  that  are  described  by  (i),  (ii)  and  (iii).  This 
behavior  develops  between  220  K  and  320  K  and  depends  upon  the  composition  and  the 
nature  of  the  sample.  Whereas,  the  multi-phase  samples  exhibit  features  described  by  (iv) 
with  a  transition  about  336  K. 

The  investigation  into  the  namre  and  the  characteristics  feature  of  this  transition 
exhibited  by  the  5-6-11  samples  were  carried  out  using  various  annealing  treatments  on  the 
samples  using  argon,  ozone  and  high  oxygen  pressure.  None  of  these  treatments  had  any 
significant  effect  on  the  336-K  transition  and  its  associated  features.  Furthermore  the 
change  in  the  sample  orientation  with  respect  to  the  magnetic  field  and  pulverization  of  the 
sample  did  not  produce  any  significant  change  in  the  features  or  the  transition. 

Since  not  aU  samples  prepared  using  carbonate  and  nitrate  routes  showed  the  336-K 
transition,  this  suggests  that  the  starting  materials  or  compositions  play  a  secondary  role  in 
the  formation  of  the  phase(s)  exhibiting  the  336-K  transition  and  its  associated  features. 
Another  striking  observation  is  that  the  phase(s)  giving  rise  to  this  transition  evolves 
during  the  initial  preparation  and  stays  intact.  Any  subsequent  variation  in  the 
experimental  parameters  including  melting  of  the  sample  or  pulverization  does  not  affect 
the  transition  and  its  features.  Moreover,  it  is  impossible  to  enforce  any  changes  in  order 
to  produce  the  higher  transition  phase(s)  in  a  sample  which  does  not  exhibit  this  transition. 

The  origin  of  this  magnetic  transition  is  attributed  to  the  presence  of  thin  layers  in  the 
sample  where  strong  flux-trapping  exists.  These  regions  have  paramagnetic  inclusions  as 
suggested  by  the  experimental  results. 


Chapter  6 


SUMMARY  AND  CONCLUSIONS 

Magnetization  studies  on  a  variety  of  YBaCuO  samples  including  nominal  single¬ 
crystal,  melt-textured,  and  multi-phase  ceramic  materials  were  performed  over  the 
temperature  range  of  5  to  360  K.  These  samples  exhibited  the  expected  diamagnetic 
Meissner  effect  at  92  K  owing  to  the  presence  of  the  YBa2Cu307  crystalline  phase  which 
is  a  bulk  superconductor.  The  superconducting  transition  is  characterized  by  a  large 
diamagnetic  response  (flux  exclusion)  in  the  zero-field-cooled  magnetization  and  a  much 
smaller  diamagnetic  response  in  the  field-cooled  magnetization  due  to  a  significant  amount 
of  flux  trapping  during  the  field-cooling  process  which  results  in  a  hysteretic  behavior 
between  the  ZFCM  and  FCM.  For  fields  less  than  Hd,  both  the  ZFCM  and  FCM  at 
T  «  Tc  exhibit  a  linear  field  dependence  while  at  higher  fields  (H  >  Hd)  the 
magnetization  decreases  towards  zero.  However  in  addition  to  these  features  associated 
with  the  92-K  superconducting  transition,  these  samples  were  found  to  exhibit  a  smaller 
hysteretic  behavior  between  the  ZFCM  and  FCM  data  extending  to  temperatures  as  high  as 
210  K  to  350  K.  For  nominal  single-crystal  1-2-3  samples,  a  hysteresis  develops  as  a 
smooth  divergence  between  the  FCM  and  ZFCM  occurs  below  220  K;  whereas  for  the 
melt-textured  1-2-3  samples,  the  hysteresis  develops  with  diamagnetic-like  deviations  in 
the  range  of  210  to  350  K.  The  results  for  the  nominal  single-crystal  YBa2Cu307  samples 
as  well  as  for  the  melt-textured  YBa2Cu3C)7  are  qualitatively  consistent  with  a  weak 
minority  phase  of  superconducting  material  having  a  T^,  near  room-temperature  coexisting 
with  the  92-K  superconducting  YBa2Cu307  phase.  The  superconducting  nature  of  the 
higher-Tc  transition  in  the  single  crystals  is  further  supported  by  the  temperature  of  this 
magnetic  hysteretic  behavior  occurring  close  to  the  temperature  where  zero-resistance 
transitions  were  observed  in  similar  nominal  single-crystal  samples.  Furthermore  the 
features  of  the  diamagnetic-Uke  deviations  and  field  dependences  observed  in  melt-textured 
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samples  are  qualitatively  similar  to  the  ZFCM  and  FCM  for  bulk  superconductors. 

The  multi-phase  Y^Ba^GUj  samples  were  also  found  to  exhibit  a  hysteretic 
behavior  between  the  ZFCM  and  FCM;  however,  the  features  of  this  hysteretic  behavior 
occurring  at  336  K  are  significantly  different  from  the  aforementioned  1-2-3  samples. 
While  the  ZFCM  remains  essentially  paramagnetic  and  featureless,  the  FCM  data  show  a 
rapid  positive  increase  below  336  K  and  remain  a  fixed  value  above  the  ZFCM  below 
300  K.  Thus  it  appears  that  the  FCM  has  a  "spontaneous"  magnetization  beginning  at 
336  K  and  then  quickly  saturates  at  lower  temperatures.  Over  a  dozen  samples 
synthesized  from  different  batches  of  oxides  were  found  to  exhibit  this  transition.  In  order 
to  understand  the  nature  of  this  transition,  a  few  samples  were  subjected  to  various 
annealing  treatments  including  high  oxygen  pressure,  ozone,  and  argon  to  modify  the 
material  characteristics.  The  results  showed  no  significant  changes  in  the  transition  or  in 
the  associated  features.  In  fact,  one  sample  that  underwent  a  total  of  seven  argon 
annealings  only  resulted  in  both  the  ZFCM  and  FCM  becoming  more  paramagnetic  due  to 
the  formation  of  additional  2-1-1.  This  was  substantiated  by  x-ray  analysis  performed  on 
the  sample  after  the  argon  annealings  which  showed  a  stmctural  change  from 
orthorhombic  to  tetragonal  for  the  1-2-3  phase  in  addition  to  the  formation  of  additional 
2-1-1.  The  overall  features  associated  with  the  336-K  transition  remained  the  same. 

The  336-K  transition  having  a  positive  increase  in  the  FCM  data  of  the  multi-phase 
YsBa^CuiiOx  samples  is  a  manifestation  of  flux-trapping  in  the  superconducting  regions 
of  this  higher-Tc  phase.  If  the  dimensions  of  these  superconducting  regions  are 
comparable  to  the  penetration  depth,  the  ZFCM  could  be  sufficiently  suppressed  to  nearly 
zero,  especially  if  the  superconducting  regions  are  not  continuous.  If  this  small 
diamagnetic  response  is  superimposed  upon  the  dominant  paramagnetic  magnetization 
arising  from  the  1-2-3,  2-1-1,  and  CuO  constituents  of  the  5-6-11  sample,  one  would 
expect  the  corresponding  ZFCM  to  be  essentially  featureless  in  the  vicinity  of  336  K.  On 
the  other  hand,  any  voids  or  defects  in  the  336-K  superconducting  regions  would  permit 
flux-trapping  during  the  field-cooling  process  with  the  effective  fields  in  these  vortices 
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being  larger  than  Hd.  This  trapping  of  fields  always  gives  rise  to  a  more  positive 
magnetic  response  than  the  flux  exclusion  response  associated  with  ZFCM.  If  any 
paramagnetic  inclusions  such  as  2-1-1  and  CuO  are  the  source  for  these  defects,  then  the 
magnetic  response  from  the  vortices  would  be  even  more  positive  and  could  even  exhibit  a 
saturated  paramagnetic  response  if  the  local  fields  are  sufficiently  large, 

Hlocal  >  kT  /  Pg. 

Another  aspect  of  this  study  is  on  the  material  characterization  of  the  336-K  transition 
materials.  Out  of  five  different  batches  of  5-6-11  samples  prepared  using  the  nitrate 
method,  only  two  batches  had  samples  that  clearly  showed  the  hysteretic  behavior  below 
336  K.  Even  though  the  synthesis  conditions  were  the  same,  the  results  indicate  that  the 
appearance  of  a  minority  phase  is  extremely  sensitive  to  the  exact  synthesis  conditions.  A 
surface  morphology  study  using  SEM  showed  the  formation  of  large  plate-hke  crystallites 
and  partial  melting  in  samples  which  exhibited  the  transition;  while  the  surface  was  more 
granular  with  no  sign  of  melting  for  samples  not  exhibiting  the  336-K  transition.  This 
further  supports  the  hypothesis  that  synthesis  conditions  may  play  an  important  role  in  the 
formation  of  higher-Tc  phases. 

In  view  of  the  preceding  discussion,  it  is  clear  that  the  superconducting  properties  of 
these  near-room-temperature  transitions  are  not  bulk-hke  since  a  clear  diamagnetic 
response  was  not  observed.  Instead,  responses  that  could  be  associated  with  "weak" 
superconductivity  of  a  minority  phase  in  an  inhomogeneous  material  were  observed. 

Thus,  until  one  is  able  to  synthesize  the  phase  or  structure  responsible  for  these  higher-Tc 
phases  in  larger  quantities,  observation  of  the  bulk-like  superconducting  properties  wiU 
not  be  possible.  Furthermore,  the  necessity  to  synthesize  larger  quantities  of  this  phase  or 
structure  will  be  required  in  order  to  perform  structural  analysis  for  phase/structural 
identification.  Nevertheless,  this  study  has  provided  insight  into  the  nature  of  the  magnetic 
phenomena  near-room-temperature  in  the  YBaCuO  materials  as  well  as  some  guidelines 
for  the  synthesis  conditions  to  reproduce  YBaCuO  samples  which  exhibit  these 
phenomena. 


APPENDIX 


Determination  of  the  normal- state  magnetization  for  multi-phase 

YsBagCujjOjj 

The  nature  of  the  magnetic  properties  in  the  multi-phase  ceramic  oxide  superconductors 
will  be  dependent  upon  the  crystalline  phases  present  in  the  material.  Thus  in  order  to  get 
a  better  understanding  of  the  magnetic  response  of  the  multi-phase  ceramic  Y5Ba5CU|]Ox 
(5-6-11)  samples  that  show  the  higher-T^  transition,  it  is  important  to  examine  the 
magnetic  behavior  of  its  major  crystalline  phases:  superconducting  YBa2Cu307,  insulating 
Y2BaCu05,  and  CuO.  Based  on  the  measured  magnetizations  of  1-2-3,  2-1-1,  and  CuO, 
the  magnetization  of  the  5-6-11  compound  is  shown  to  be  a  simple  sum  of  the 
magnetizations  of  these  phases.  In  this  appendix,  the  ZFC  and  FC  magnetization  results 
for  pure  1-2-3, 2-1-1,  and  CuO  in  the  100  -  350  K  temperature  range  are  presented  as  weU 
as  a  comparison  between  the  calculated  and  measured  magnetizations  for  the  5-6-1 1 
material. 


YBa2Cu307 : 

In  this  section  we  focus  on  the  magnetization  measurements  of  YBa2Cu307  material 
in  the  high  temperature  range  of  100  -  360  K.  In  Fig.  A.l,  the  ZFC  and  FC  magnetization 
data  for  a  1-2-3  ceramic  sample  (m  =  74  mg)  in  an  apphed  field  of  5  Oe  are  shown.  The 
magnetization  for  both  the  ZFC  and  FC  processes  decreases  with  increasing  temperature, 
but  not  as  fast  as  a  1/T  behavior.  While  both  the  ZFCM  and  FCM  data  are  coincident 
above  250  K,  there  is  a  discernible  difference  in  the  magnetization  of  FCM  and  ZFCM 
(AM)  at  lower  temperatures  which  is  very  small  ~  3  x  10"^  emu  compared  with  the 
resolution  of  the  magnetometer.  Similar  features  are  observed  in  a  field  of  10  Oe  as 
shown  in  Fig.  A.2. 

Figure  A.3  depicts  the  results  of  the  ZFCM  and  FCM  data  for  an  applied  field  of  5  Oe 
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YBaCuO  1-2-3  (Sample  A) 
H  =  5.0  Oe 
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(nma) 


FC  magnetizations  versus  temperature  for  H  =  5  Oe  of  a  ceramic 
i07.g  sample  contained  in  a  quartz-tube  sample  holder. 


YBaCuO  1-2-3  (Sample  A) 
H=  10.0  Oe 
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Fig.  A.2.  ZFC  and  FC  magnetizations  versus  temperature  for  H  =  10  Oe  of  a  ceramic 
YBa2Cu307_5  sample  contained  in  a  quartz-tube  sample  holder. 
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when  the  sample  is  suspended  using  a  piece  of  thread.  In  comparison  with  the  results 
shown  in  Fig.  A.l,  both  ZFCM  and  FCM  data  overlap  over  a  wider  temperature  range 
down  to  ~  140  K,  which  indicates  that  the  quartz  tube  causes  a  slight  increase  in  the 
hysteresis  between  the  ZFC  and  FC  responses  in  the  temperature  range  of  140  to  250  K. 
This  increase  is  not  significant  since  the  magnitude  of  the  AM  is  within  the  uncertainty  of 
the  measurement.  Also  the  overall  magnetization  magnitude  is  smaller  when  the  sample  is 
suspended  using  thread  since  there  is  less  of  a  background  signal  arising  from  the  thread 
than  for  the  quartz-tube  sample  holder. 

The  susceptibility  M(T)/H  (  =x  )  after  compensating  for  the  background  signal  is 
shown  in  Fig.  A.4  for  various  applied  fields  in  the  zero-field-cooled  process.  It  is  seen 
that  the  data  for  all  three  measurements  have  the  same  temperature  dependence. 
Furthermore  the  1/x  behavior  for  5  and  10  Oe  field  strengths  is  shown  in  Fig.  A.5.  The 
least-squares  fit  to  the  10  Oe  data  shown  by  the  solid  line  indicates  that  the  behavior  does 
not  follow  a  strict  Curie-Weiss  behavior. 

Y2BaCu05  : 

The  second  constituent  of  the  5-6-11  material  is  the  Y2BaCu05  (2-1-1)  phase.  This  is 
a  stable,  non-superconducting  insulating  oxide  which  is  usually  referred  to  as  the  green 
phase  and  is  relatively  easy  to  prepare.  The  ZFCM  and  FCM  data  for  a  2-1-1  sample 
(m  =  76  mg)in  a  field  of  5  Oe  is  shown  in  Fig.  A.6.  Even  though  the  FC  measurements 
were  only  performed  up  to  a  temperature  of  140  K,  one  easily  sees  that  the  ZFCM  and 
FCM  data  are  identical  in  the  temperature  range  of  1(X)  to  140  K  and  that  the  ZFC  signal 
decreases  slowly  up  to  a  temperature  of  350  K.  Figure  A.7  shows  the  1/x  behavior  for 
the  ZFCM  data  (after  background  subtraction)  for  5  and  10  Oe  fields,  whereas  Fig.  A.8 
shows  the  same  behavior  for  both  the  ZFCM  and  FCM  data.  The  least-squares  fit  to  the 
ZFCM  data  indicates  that  the  data  essentially  follow  a  Curie-Weiss  behavior. 
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YBaCuO  1-2-3  (Sample  A) 
After  background  correction 
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Fig.  A.5.  The  1/x  (from  ZFC  magnetization)  versus  temperature  of  a  ceramic 

YBa2Cu307.5  sample  for  fields  of  5  Oe  and  10  Oe.  The  least-squares  fit  to  the 
10  Oe  data  is  shown  by  the  solid-line. 


YBaCuO  2-1-1  (Sample  A) 
H  =  5.0  Oe 
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.6.  ZFC  and  FC  magnetizations  versus  temperature  of  a  ceramic Y2BaCu05  sample 
for  fields  of  5  Oe. 


YBaCuO  2-1-1  (Sample  A) 
After  background  correction 
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Fig.  A.7.  The  1/x  (from  ZFC  magnetization)  versus  temperature  of  a  ceramic  Y2BaCu05 
sample  for  fields  of  5  Oe  and  10  Oe. 
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CuO  : 

It  is  well  known  that  the  important  ingredient  used  in  the  preparation  of  most  high-T^ 
superconductors  is  CuO  since  the  superconductivity  in  the  high-T^  cuprate 
superconductors  is  believed  to  reside  in  the  CUO2  planes.  The  general  scheme  of 
measurement  used  in  this  smdy  of  CuO  material  is  as  follows:  a  measured  amount  of  CuO 
powder  (Johnson  Matthey)  99.9%  purity,  taken  from  the  same  batch  used  in  the 
preparation  of  the  initial  1-2-3  compound,  is  ground  thoroughly  using  an  agate  mortar  and 
pestle.  The  ground  powder  is  then  placed  in  a  capsule  and  magnetization  measurements 
are  performed.  Next  the  powder  is  packed  lightly  into  an  alumina  boat  and  annealed  in 
oxygen  at  940°C  for  12  hours,  followed  by  cooling  at  the  rate  of  3°C  per  minute.  The 
annealed  powder  is  then  ground  and  magnetization  measurements  are  repeated. 

Figure  A.9  shows  ZFC  and  FC  magnetization  data  (normalized  per  unit  mass)  for  CuO 
powder  before  and  after  the  annealing.  In  both  cases  a  hysteretic  behavior  between  the 
ZFCM  and  FCM  is  observed  below  a  temperature  of  350  K,  with  the  FCM  being  more 
positive  than  the  ZFCM  signal.  As  seen  in  Fig.  A.9,  the  ZFC  magnetization  for  the 
unarmealed  powder  increases  gradually  to  about  230  K  before  decreasing.  While  the  FCM 
data  show  a  peak  also  around  230  K  and  decrease  before  it  converges  with  ZFCM  data 
around  350  K.  For  the  annealed  powder  both  the  ZFCM  and  FCM  data  show  a  gradual 
increase  from  100  to  230  K  and  then  decrease  before  both  responses  converge  around 
350  K.  The  difference  in  the  magnetization  AM  at  any  given  temperature  is  greater  for  the 
unarmealed  powder  than  the  aimealed  powder,  and  the  magnitude  of  M  is  almost  three 
times  larger  in  the  unarmealed  sample  below  a  temperature  of  3(X)  K.  The  difference  in  the 
magnitude  of  M  as  well  as  in  AM  for  the  armealed  and  unarmealed  samples  can  be 
understood  in  terms  of  trace  paramagnetic-like  impurity  compounds  present  in  the  CuO 
powder  which  decompose  into  CuO  at  temperatures^  below  the  armealing  temperature  of 
940°C.  Thus  the  observed  decrease  in  the  magnetization  after  armealing  is  just  the  result 
of  CuO  powder  becoming  more  pure  as  the  impurity  compounds  are  excluded  during 
armealing.  Furthermore  a  kink  in  the  magnetization  is  observed  around  230  K 


CuO  (Pellet) 
H  =  5.0Oe 
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s)  in  H  =  5  Oe  of  a  small  amount  of 
flowing  oxygen. 
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which  corresponds  to  the  Neel  temperature  (T^)  for  the  antiferromagnetic  transition  in 
CuO.  This  result  is  similar  to  that  reported  by  Roden  et  al.^ 

A  second  quantity  of  CuO  powder  is  ground  thoroughly  and  cold-pressed  into  a 
disk-shaped  pellet  using  a  hydraulic  press  at  a  pressure  of  about  8. 1  x  lO"^  psi .  The  peUet 
is  then  suspended  using  thread  and  magnetization  measurements  were  performed  on  the 
sample.  The  pellet  was  then  annealed  at  900°C  over  8  hour  period  in  flowing  oxygen  and 
cooled  back  to  room  temperature  over  a  6  hour  period. 

Magnetization  measurements  were  repeated  on  the  cold-pressed  pellet  both  before  and 
after  aimealing.  (See  Fig.  A.  10.)  The  features  in  the  ZFC  and  FC  magnetization  data 
(normalized  per  unit  mass)  are  similar  to  those  observed  for  the  powder.  Again  the 
magnitude  of  the  magnetization  decreases  by  nearly  a  factor  of  two  after  annealing,  the 
difference  between  the  ZFCM  and  FCM  is  present  up  to  350  K,  and  there  is  clear 
indication  of  a  slope  change  near  the  Neel  temperature  of  230  K.  Figure  A.  1 1  displays  the 
results  for  the  peUet  after  a  second  annealing  in  flowing  oxygen.  The  results  are 
essentially  identical  to  the  results  after  the  first  oxygen  anneal. 

Determination  of  the  magnetization  for  YjBagCujjOj^ 

Figures  A.5  and  A.8  show  plots  of  1/x  versus  T  for  samples  of  1-2-3  and  2-1-1 


composition,  respectively.  The  coefficients  from  the  curve  fits  as  shown  in  Figs.  A.5-A.8 
are  as  follows. 
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Fig.  A.  10.  ZFCM  and  FCM  (normalized  per  unit  mass)  in  H  =  5  Oe  of  a  cold-pressed  pellet 
of  CuO  before  and  after  annealing  in  flowing  oxygen. 


CuO  (Pellet) 
H  =  5.0Oe 
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Fig.  A.  1 1 .  ZFCM  and  FCM  (normalized  per  unit  mass)  in  H  =  5  Oe  of  a  cold-pressed  pellet 
of  CuO  after  a  second  annealing  in  flowing  oxygen. 
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1-2-3 

2-1-1 

2.1325  e+05 

7.1693  e-h04 

9.8605  e-h03 

9.8884  e-i-02 

A2 

-2.2027  e+01 

5.4241  e-03 

A3 

2.3724  e-02 

-8.5941  e-04 

The  constituent  materials  in  a  nominal  5-6-11  sample  are  1-2-3,  2-1-1,  and  0-0-1  (CuO)  in 
a  molar  ratio  of  7  :  4  :  8  or  a  mass  ratio  of  0.654  :  0.257  :  0.089.  The  molar  ratio  can  be 
determined  from  the  following  balanced  chemical  reaction  equation: 

3  (Y5Ba6CuiiOx)  -*  7  (YBa2Cu307)  +  4  (  Y2BaCu05)  +  8  (CuO)  A2 

Xni(5-6-ll)  =  Xm(l-2-3)  X  0.654  +  Xm(2-1-1)  x  0.257  +  XmiO-O-l)  x  0.089  A3 

Utilizing  the  measured  values  of  the  mass  susceptibihty  for  CuO  and  the  least-square 
fits  for  1-2-3  and  2-1-1  from  equation  Al,  we  have  calculated  the  mass  susceptibilities  for 
a  5-6-11  sample.  The  calculated  susceptibilities  for  1-2-3,  2-1-1,  0-0-1,  and  5-6-11  are 
shown  in  Fig.  A.  12  which  also  permits  one  to  see  the  relative  magnetic  contribution  from 
each  phase  to  the  magnetization  of  5-6-11.  Clearly  most  of  the  temperature  dependence 
and  over  50%  of  the  magnitude  of  the  5-6-1 1  magnetization  is  the  result  of  the  2-1-1  phase 
being  present. 

Figure  A.  13  shows  the  calculated  susceptibilities  of  5-6-1 1  for  the  zero-field-cooled 
and  field-cooled  processes.  Both  data  are  essentially  featureless  and  almost  identical 
except  for  a  small  hysteresis.  For  comparison,  the  experimentally  measured  magnetization 
for  sample  GC-1-1 A  and  the  calculated  magnetization  for  5-6-11  are  shown  in  Fig.  A.  14. 
The  ZFCM  data  of  GC-l-lA  and  the  calculated  magnetization  data  for  5-6-1 1  are 
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Calculated  Susceptibility  for  YBaCuO  (5-6-11) 
from  measured  magnetization  of  1-2-3, 2-1-1,  and  CuO 


3.  The  calculated  mass  susceptibilities  versus  temperature  of  YjBa^Cu 
zero-field-cooled  and  field-cooled  processes. 
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identical  if  a  small  constant  background  signal  is  added  to  the  calculated  value.  Thus,  the 
sum  of  the  magnetizations  from  the  individual  constituents  in  the  5-6-11  multi-phase 
sample  is  a  reasonable  assumption  for  the  normal-state  magnetization  of  5-6-11  and 
permits  a  comparison  to  the  measured  magnetization  of  most  multi-phase  5-6-11  ceramic 
samples  in  order  to  determine  if  any  anomalous  effects  are  present. 
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Magnetization  studies  on  a  variety  of  YBaCuO  samples  including  nominal  single¬ 
crystals  and  multi-phase  ceramic  materials  were  performed  over  the  temperature  range  of 
5  to  360  K.  In  addition  to  finding  the  well-established  diamagnetic  Meissner  effect  at 
92  K,  the  experimental  results  indicate  a  superconducting-like  flux-trapping  behavior  in 
numerous  samples  with  transition  temperatures  in  the  range  of  200  to  340  K.  The  flux¬ 
trapping  behavior  is  exemplified  by  diamagnetic-like  deviations  from  a  positive  magnetic 
background  in  the  zero-field-cooled  magnetization  and  by  a  divergence  between  the  zero- 
field-cooled  and  field-cooled  magnetization  data.  Also  a  positive  flux-trapping  behavior 
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Appendix  B 


Observation  of  Paramagnetic  Meissner  Effect  in  Niobium  Disks 


David  J.  Thompson,  M.S.M.  Minhaj,  L.E.  Wenger,  and  J.T.  Chen 
Department  of  Physics  &  Astronomy,  Wayne  State  University,  Detroit,  MI  48202 


For  several  superconducting  niobium  disks,  the  dc  field-cooled  magnetization  (FCM)  shows  a 
paramagnetic  response  below  their  superconducting  transition  temperature  when  the  applied 
magnetic  field  is  normal  to  each  disk.  The  FCM  saturates  in  fields  of  5  to  10  Oe  and  becomes 
diamagnetic  for  fields  larger  than  20  Oe.  This  FCM  behavior  is  qualitatively  similar  to  the 
Paramagnetic  Meissner  Effect  (PME)  recently  observed  in  high-Tc  cuprate  superconductors. 
Various  surface  treatments  to  the  Nb  disks  result  in  changes  in  both  the  zero-field-cooled 
magnetization  and  the  FCM,  including  the  disappearance  of  the  PME.  These  results  suggest 
that  the  PME  in  these  Nb  disk  samples  arises  from  strong  flux  pinning  created  by 
inhomogeneities  or  microstruuctural  defects  on  the  surface  layer  of  the  disk  as  weU  as  from  the 
sample  geometry. 


PACS  numbers;  74.60.Ec,  74. 25. Ha,  74.60.Ge,  74.62.Bf 


One  of  the  characteristic  features  of  a  bulk  superconductor  is  the  Meissner  effect,  i.e., 
the  occurrence  of  perfect  diamagnetism  below  the  superconducting  transition  temperamre  Tq. 
The  diamagnetism  is  caused  by  screening  currents  associated  with  the  gradient  of  the  magnetic 
field  H  near  the  surface  for  H  <  Hd  and  T  <  Tc  .  For  an  ideal  superconductor  without  flux 
pinning,  the  volume  susceptibility  is  Xy  =  -  l/4jt  in  cgs  units.  For  a  superconductor  with 
defects  present,  flux  pinning  may  occur  at  these  defect  sites  causing  the  field-cooled 
magnetization  (FCM)  to  be  less  diamagnetic  than  the  zero-field-cooled  magnetization  (ZFCM) 
corresponding  to  full  flux  exclusion.  Recently  for  the  high-temperature  superconducting 
granular  BiSrCaCuO  (2212)  materials,  several  groups  have  even  observed  a  field-cooled 
magnetic  response  that  is  paramagnetic  in  sign  rather  than  negative  as  usually  associated  with 
superconductivity.  This  FCM  response  is  typically  20  to  60%  of  l/47t  for  the  lowest  magnetic 
fields  and  becomes  negative  for  fields  larger  than  0.5  Oe.  This  abnormal  behavior  in  the  FC 
response  is  now  referred  to  as  the  Paramagnetic  Meissner  Effect  (PME)  or  Wohlleben  effect. 
Various  explanations  for  the  origin  of  the  PME  in  these  granular  high-Tc  superconductors  have 
been  proposed,  including  spontaneous  currents  due  to  7i-contacts,8-i0  vortex-pair  fluctuations 
combined  with  pinning,  ^  and  spontaneous  orbital  currents.  *  ^  In  fact,  the  paramagnetic 
response  in  these  BiSrCaCuO  compounds  has  even  been  argued as  being  consistent  with  J 
-wave  superconductivity  in  these  materials.  More  recently,  the  PME  was  observed  in  the  FCM 
of  a  few  YBa2Cu307.x  single  crystals  only  when  low  fields  are  applied  parallel  to  the 
crystalline  c  -axis.13  Although  this  FCM  is  only  about  3%  of  the  full  flux  exclusion  (ZFCM)  at 
the  lowest  temperamre,  the  FCM  remains  positive  for  fields  up  to  7  Oe.  Because  this  effect  is 
only  seen  in  fields  parallel  to  the  c  -axis,  the  PME  was  attributed  to  spontaneous  currents  in  the 
Cu02  planes  of  the  YBa2Cu307.x  single  crystals. 

In  addition  to  the  uncertainty  in  the  microscopic  origin  of  the  PME,  it  is  still  unclear 
why  this  effect  is  only  observed  in  some  but  not  all  high-Tc  superconducting  samples.  It  has 
been  found  that  the  PME  is  typically  observed  in  ceramic  BiSrCaCuO  samples  that  have 
undergone  a  melt-casting  process  during  which  small  crystallites  are  formed.2-6  This 


suggests  that  structural  and/or  chemical  causes  are  responsible  for  the  PME  observation. 
During  our  investigations  of  flux  trapping  phenomena,  we  have  observed  a  behavior  similar  to 
the  PME  in  certain  disk-shaped  niobium  samples  when  cooled  below  their  superconducting 
transition  temperature  of  about  9.2  K.  The  results  of  the  present  investigation  suggest  that  the 
PME  phenomenon  is  more  common  than  in  just  the  high-Tc  superconductors  and  is  the  result 
of  strong  flux  trapping  arising  from  microstructural  defects  on  the  disk  surface  as  well  as  from 
the  geometric  shape  of  the  sample. 

Over  a  dozen  disks  of  diameter  6.4  mm  were  punched  from  two  different  0.127-mm 
thick  sheets  of  niobium  (99.98  %  purity).!'*  Some  of  these  disks  also  underwent  surface 
treatments  including  O2  annealing,  etching,  and  mechanical  sanding.  Each  disk  was  then 
positioned  at  the  center  of  the  second-order  gradiometric  detector  coil  in  a  commercial  SQUID 
magnetometer  15  with  the  dc  magnetization  measurements  being  performed  on  the  disk  in  both 
parallel  and  perpendicular  orientations  with  respect  to  the  magnetic  field.  Throughout  the 
measurements  the  disk  samples  were  kept  stationary  thereby  eliminating  any  spurious 
paramagnetic-like  responses  that  might  arise  from  field  inhomogeneity  with  sample  position. 
The  analog  voltage  output  from  the  SQUID  amplifier,  i.e.,  the  magnetic  flux  change  from  the 
sample,  was  then  recorded  on  an  X-Y  plotter  while  the  temperature  was  slowly  increased  or 
decreased  through  the  transition  temperature.  The  voltage  changes  were  later  calibrated  in 
terms  of  a  magnetization  response.  For  field  strengths  ranging  from  50  mOe  to  5  Oe,  the  fields 
were  produced  by  a  copper-wire  solenoid'”^  and  later  by  the  copper- wire  solenoid  incorporated 
in  the  ultra-low-field  MPMS-S5  option.! 5  Pqj-  larger  fields,  measurements  were  performed 
using  the  magnetometer's  superconducting  solenoid  after  the  completion  of  the  low-field 
measurements  for  all  disk  samples.  During  the  actual  cooling  in  zero  field,  the  residual 
longitudinal  field  at  the  sample  location  was  attenuated  to  less  than  1  mOe  by  using  an  offset 
current  through  the  copper-wire  solenoid  in  combination  with  a  mu-metal  cylinder  which 
surrounds  the  MPMS  dewar. 


Figure  1  shows  the  field  dependences  of  both  the  zero-field-cooled  magnetization 
(ZFCM)  and  field-cooled  magnetization  (FCM)  for  fields  applied  perpendicular  to  the  surface 
of  a  typical  (untreated)  Nb  disk.  At  the  lowest  temperatures,  the  ZFCM/H  shows  complete 
shielding  with  the  diamagnetic  response  being  approximately  22  times  larger  than  -V/47C.  This 
large  diamagnetic  response  is  due  to  the  local  field  enhancement  arising  from  the  geometric 
demagnetization  factor  for  a  disk-shaped  sample  when  the  applied  field  is  normal  to  the  disk. 
The  demagnetization  correction  to  the  magnetization  is  given  by 

=  -  4/(^0)  "  ■  ^  ZFC^ 

where  n  is  the  demagnetization  factor.  For  a  flat  disk  of  radius  r  and  thickness  t,  the  correction 
factor  of  (l-n)-l  =  r  / 1 .  For  our  disks,  r  / 1  =  25,  which  agrees  fairly  well  with  the 
experimental  result  of  22.  In  all  cases  the  susceptibility  X  (=M/H)  will  be  normalized  to  the 
complete  shielding  value  of  IX  zfcI- 

With  increasing  temperatures  the  ZFC  data  indicate  the  presence  of  two  different 
superconducting  transitions  at  9.06  K  and  9.26  K.  The  strong  field-dependent  behavior  as 
well  as  the  large  change  in  the  magnitude  of  the  Xzpc  (=  ZFCM/H)  suggest  that  the  local  field 
H/(l-n)  is  larger  than  the  lower  critical  field  Hci(T)  in  the  vicinity  of  9.20  K.  The  temperature 
dependence  of  the  inductive  component  of  the  susceptibility  (not  shown)  is  identical  to  that  of 
the  ZFCM.  Thus  both  dc  and  ac  magnetization  measurements  clearly  indicate  the  presence  of 
more  than  one  superconducting  phase  in  these  Nb  samples. 

The  appearance  of  the  two  transition  temperatures  is  also  seen  in  the  field-cooled 
magnetization  (FCM)  with  decreasing  temperature;  however,  the  FCM/H  does  not  exhibit  the 
archetypal  Meissner  behavior.  Initially  the  FCM  shows  a  weak  diamagnetic  response  below 
9.26  K  followed  by  an  abrupt  increase  in  the  FCM  starting  at  9.20  K  which  eventually  attains  a 
positive  value  (less  than  1%  of  IX  ZFCI)  and  then  remains  essentially  constant  below  9.06  K. 
The  temperature  associated  with  the  abmpt  increase  is  identical  to  the  onset  temperature  of  the 


large  diamagnetic  response  in  the  ZFCM  for  similar  field  strengths.  This  FCM  behavior  for  the 
Nb  disks  is  qualitatively  very  similar  to  the  PME  characteristics  exhibited  by  the  YBa2Cu307.x 
single  crystals.  Another  similarity  is  the  hysteretic  behavior  in  the  FCM  between  cooling  and 
warming  measuring  cycles.  As  also  shown  in  Fig.  1,  the  field-cooling  data  FCCM  are 
typically  more  positive  than  the  FCWM  data  measured  during  the  warming  cycle.  This 
behavior  is  consistent  with  the  viscous  nature  of  flux  expulsion  below  Tc.  On  cooling,  the 
magnetic  flux  must  overcome  activation-type  processes  in  order  to  be  expelled  and 
correspondingly  the  FCCM  will  be  more  positive  than  the  equilibrium  magnetization.  Similarly 
during  the  warming  cycle,  the  flux  cannot  easily  penetrate  the  sample  and  thus  the 
magnetization  is  more  diamagnetic.  This  type  of  hysteretic  behavior  is  very  common  in  type-II 
superconductors  and  is  consistent  with  a  recent  theoretical  interpretation  based  on  critical-state 
model  calculations.^*  Furthermore  one  observes  only  a  small  difference  in  the  temperatures  of 
the  "sharp"  FCM  features  between  the  cooling  and  warming  cycles.  This  suggests  that  the 
movement  of  magnetic  flux  is  not  responsible  for  the  PME.  This  is  further  supported  by  the 
characteristic  shape  of  the  M-vs-H  curves.  (See  Fig.  2.)  The  nearly  field-independent 
behavior  of  the  magnetization  above  0.5  Oe,  the  polarity  change  upon  field  reversal  at  4.5  Oe, 
and  the  overall  "square-like"  hysteretic  behavior  in  the  temperature  range  between  9.07  K  and 
9.20  K  are  indicative  of  extremely  strong  pinning  in  this  temperature  regime.  In  contrast,  the 
M-vs-H  curves  at  lower  temperatures  are  more  reminiscent  of  a  type-II  superconductor  with 
flux  penetration.  Another  similarity  to  the  earlier  work  on  the  YBaCuO  crystals  is  that  the 
magnitude  of  the  FCM  initially  becomes  more  positive  with  increasing  magnetic  field  before 
saturating  in  the  5-10  Oe  range  as  shown  in  Fig.  3.  The  FCM  remains  positive  until  the  field 
exceeds  20  Oe  and  then  exhibits  a  nearly  linear  decrease  with  increasing  field.  If  one  assumes 
this  linear  dependence  (3FCM/3H  ~  constant)  reflects  the  Meissner  contribution  to  the  overall 
FCM  response,  the  PME  contribution  would  be  just  the  difference  between  the  FCM  and  a  line 
going  through  the  origin  with  a  slope  of  9FCM/dH.  Thus  the  PME  contribution  appears  to 
saturate  at  approximately  20  Oe  for  this  sample  as  well  as  for  a  second  sample  measured  at 


these  higher  fields.  This  saturation  field  for  Nb  is  about  4  times  larger  than  the  saturation  field 
found  for  the  YBa2Cu307.x  single  crystals. 

In  contrast  to  the  results  for  fields  perpendicular  to  the  disk  surface,  the  ZFCM  and 
FCM  data  for  fields  parallel  to  the  Nb  disk  surface  (see  Fig.  4)  indicate  only  diamagnetic 
responses  with  an  onset  of  superconductivity  at  9.2  K  and  a  large  diamagnetic  increase 
beginning  at  9.06  K  with  a  weak  field  dependence.  The  magnimde  of  the  ZFCM  at  8.5  K  is 
nearly  equal  to  the  bulk  value  of  -V/47t  and  the  FCM  magnitude  is  about  25%  of  the  ZFCM. 
This  anisotropic  behavior  indicates  that  there  is  a  preferred  orientation  of  the  sample  with 
respect  to  the  magnetic  field  direction  in  order  to  observe  the  PME,  i.e.,  the  magnetic  field 
should  be  perpendicular  to  the  flat  surface  of  the  disk.  This  corroborates  a  recent  report  >0  that 
BiSrCaCuO  samples  showing  the  PME  consist  of  plate-like  crystallites  that  are  predominantly 
oriented  parallel  to  one  another.  Moreover,  the  PME  in  the  123  single  crystals  ^  3  was  observed 
only  for  fields  parallel  to  the  c  -axis,  i.e.,  perpendicular  to  the  crystalline  platelet  surface.  The 
origin  of  the  apparent  "major"  transition  at  9.06  K  in  the  Nb  disk  is  the  result  of  a  weakening 
of  the  Meissner  effect  by  the  surface  defect  layer  as  will  be  demonstrated  next. 

Since  the  appearance  of  the  PME  seems  to  be  related  to  the  presence  of  strong  pinning 
and  multiple  superconducting  phases  as  well  as  sample  geometry  and  orientation,  the  effect  of 
the  surface  microstructure  was  investigated  by  altering  the  surface  through  mechanical  sanding. 
O2  annealing,  and  chemical  etching.  The  most  dramatic  effect  occurred  when  both  the  top  and 
bottom  surfaces  were  abraded  as  the  PME  was  reduced  and  even  eliminated,  while  abrading  the 
circumferential  edge  had  a  minimal  effect  on  the  PME.  After  slightly  abrading  both  surfaco  of 
the  Nb  sheet  with  no  detectable  thickness  change  (<2.5|j,m),  two  disks  were  punched  out  and 
measured.  Both  the  ZFCM  and  FCM  for  fields  perpendicular  (see  Fig.  5)  are  diamagnetic  f\>r 
all  magnetie  fields  with  a  single  transition  at  9.2  K  in  the  ZFCM.  The  absolute  magnitude  of 
the  ZFCM  is  identical  to  the  ZFCM  (T<9.0  K)  for  the  untreated  disk  shown  in  Fig.l.  This 
indicates  that  the  lower  temperature  feature  at  9.06  K  in  the  untreated  disks  must  be  associated 


with  a  surface  layer  effect,  and  not  a  bulk  effect.  Likewise  the  ZFCM  and  FCM  for  fields 
parallel  to  the  disk  have  a  single  transition  at  9.2  K.  It  should  be  noted  that  the  PME  may  not 
be  completely  eliminated  in  this  sample  as  the  FCM  shows  some  structure  in  the  temperature 
range  between  9.2  K  and  9.06  K.  Two  other  untreated  disks  which  showed  similar 
magnetization  behaviors  as  shown  in  Figs.  1  and  4  were  subsequently  subjected  to  a  series  of 
sandings.  The  PME  in  the  FCM  and  the  structure  at  9.06  K  in  the  ZFCM  gradually  diminished 
after  each  set  of  sandings  until  both  effects  completely  disappeared.  An  average  thickness 
reduction  of  10  |im  was  required  for  the  elimination  of  the  PME;  however,  the  sanding  process 
was  not  uniform  since  some  inadvertant  rounding  of  the  originally  sharp  circumferential  edges 
occurred.  Changes  in  the  magnetization  data  due  to  an  O2  anneal  and  chemical  etching  were 
more  subtle  with  the  PME  still  remaining.  It  is  well-known  that  an  O2  anneal  at  400°C  can 
reduce  surface  piiming  effects  in  Nb.^^  After  a  5-niinute  anneal  on  one  Nb  disk,  the  ZFCM 
and  FCM  behaviors  for  perpendicular  fields  were  essentially  the  same  as  that  for  the  untreated 
disks  except  for  a  more  narrow  transition  width  accompanying  the  9.20  K  transition.  This 
sharper  transition  resulted  in  the  positive  FCM  to  increase  to  about  3%  of  iXzpcI-  On  the  other 
hand,  a  60-s  chemical  etch  with  a  HF:HN03  (1:3)  solution  produced  a  decrease  in  the  9.20  K 
transition  to  9.08  K  which  resulted  in  the  magnitude  of  the  positive  FCM  decreasing  by  a  factor 
of  3.  Thus  the  surface  microstructure  plays  a  key  role  in  the  formation  and  the  size  of  the 
PME. 


Although  the  microscopic  origin  of  the  PME  cannot  be  completely  explained  based  on 
this  study,  it  is  evident  that  the  sample  surface  and  geometry  are  important  aspects.  One 
possible  explanation  of  the  Nb  results  is  that  the  surface  defects  reside  within  the  first  5  pm  of 
the  surface  and  create  nonuniform  field  distributions  into  the  middle  region  of  the  disk.  As  the 
sample  is  cooled  through  9.2  K  in  perpendicular  fields,  these  strongly  pinned  fields  would 
create  vortices  with  large  paramagnetic  responses  or  even  set  up  induced  screening  currents  due 
to  decreases  in  the  local  field.  The  magnetization  features  at  9.06  K  would  then  be  associated 
with  this  defect  layer  actually  becoming  superconducting  at  this  temperature.  For  the  parallel 


field  configuration,  the  penetration  depth  could  increase  dramatically  above  9.06  K  due  to  the 
proximity  effect  of  this  defect  layer  with  the  remaining  superconducting  region.  This  field 
penetration  would  then  result  in  a  sizeable  reduction  of  the  effective  superconducting  volume 
above  9.06  K. 

In  summary,  a  positive  magnetization  in  the  field-cooled  response,  i.e.,  the  so-called 
Paramagnetic  Meissner  Effect,  has  been  observed  in  disk-shaped  niobium  samples  for  fields 
perpendicular  to  the  surfaces  of  the  disks.  We  believe  this  effect  arises  from  nonuniform  field 
distributions  created  by  strong  flux  pinning  sites  on  the  surface  layer  of  the  disk  when  the 
sample  is  cooled  through  its  transition  temperature.  We  also  find  that  the  sample  orientation 
and  geometry  play  a  role  in  the  observation  of  the  PME. 
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FIGURE  CAPTIONS 


Fig.  1 .  The  ZFCM/H  (lower)  and  FCM/H  (upper)  data  for  a  Nb  disk  with  magnetic  fields  applied 
normal  to  the  disk  surface.  The  data  is  scaled  to  the  complete  shielding  value  of  iXzFCl- 
The  inset  shows  an  enlargement  of  the  ZFCM/H  around  9.26  K. 

Fig.  2.  Magnetization-vs-magnetic  field  H  curves  at  various  temperatures  for  H  normal  to  the  Nb 
disk  surface. 

Fig.  3.  The  FCM  at  8.6  K  with  H  normal  to  the  Nb  disk  for  two  different  (untreated)  samples. 
The  open  symbols  represent  the  paramagnetic  contribution  to  the  FCM  (see  text).  The 
closed  squares  are  the  FCM  after  abrading  the  surfaces  of  another  disk  (D3S2-5). 

Fig.  4.  The  ZFCM/H  (lower)  and  FCM/H  (upper)  data  for  a  Nb  disk  with  magnetic  fields  applied 
parallel  to  the  disk  surface.  The  data  is  scaled  to  the  complete  shielding  value  of  V/47t. 

Fig.  5.  The  ZFCM/H  (lower)  and  FCM/H  (upper)  data  for  an  abraded  Nb  disk  with  magnetic 
fields  applied  normal  to  the  disk  surface.  The  data  are  scaled  to  the  complete  shielding 
value  of  iXzFcl- 
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CHAPTER  I 


INTRODUCTION 

Since  its  discovery,  superconductivity  has  been  extensively  investigated  both  with 

regards  to  the  fundamental  physics  involved  as  well  as  to  the  potential  technological 

applications.  Long-range  ordering  processes  are  manifested  by  the  Meissner  effect,  zero 

resistivity,  quantized  persistent  currents  in  macroscopic  rings,  quantized  flux  lines,  and 

Josephson  effects^^'^  below  the  superconducting  transition  temperature  T^..  Some  of 

these  superconducting  properties  have  been  utilized  in  a  variety  of  technological 

applications.  Stable,  high-field  ( >  10  T)  magnets  made  with  superconducting  wires  have 

been  used  for  diagnostic  purposes  in  medicine,  for  energy  storage,  for  magnetic  levitation 

(trains),  and  in  particle  accelerators  labs.  Along  with  superconducting  magnets,  thin  film 

applications  in  the  electronics  field  have  been  considered  the  more  important  areas  of 

superconductivity  applications.  Most  thin  film  applications  utilize  the  Josephson  effect 

which  results  firom  either  intrinsically  existing  Josephson  junctions  (superconductors 

separated  by  non-superconducting  material)  in  the  samples  or  fabricated  Josephson 

junctions.  Superconducting  thin  films  have  been  used  as  voltage  standards  through  the  ac 

Josephson  effect,  where  the  reaction  of  a  Josephson  junction  to  microwave  radiation 

yields  voltage  steps  of  precise  intervals  and  with  a  stability  on  the  order  of  -  1  ppb. 

Magnetometers  based  on  the  SQUID  technology  have  been  made  with  a  sensitivity  of 

-  2  X  10'^^  T/Hz^/^  over  a  1  cm^  area.  Josephson  effects  have  also  been  utilized  in 

(8-22) 

designs  of  bolometers,  submillimeter  wave  detectors,  and  optical  detectors.^ 
Nevertheless,  the  potential  technological  benefits  of  superconductors  have  not  been  fully 
realized  partly  because  of  the  low  T^,,  Until  1986,  experimental  T^,  values  were  limited  to 
below  25  K.  This  low  temperature  meant  the  use  of  liquid  helium  along  with  relatively 
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complex  cryogenic  operating  systems,  thus  the  full  development  of  technological 
applications  has  awaited  the  discovery  of  superconducting  materials  with  a  above  the 
liquid  nitrogen  boiling  temperature  of  77  K. 

Ever  since  the  discovery  of  the  first  superconducting  material  in  191 1,  there  has  been 

a  continuous  search  for  new  superconducting  materials  with  a  higher  T^,.  In  1986  this 

search  was  invigorated  with  the  discovery  of  a  new  superconducting  oxide  system, 

(La,  Ba)2Cu04,  with  a  T^.  above  30  This  discovery  started  a  worldwide  surge  of 

research  activities  in  the  characterizations  of  these  new  materials,  possible  theories  to 

explain  the  higher  T^^'s,  and  the  search  for  other  superconducting  materials  with  higher 

Tj.'s.  Within  two  years  there  had  been  discoveries  of  several  other  oxide  superconducting 

systems  including  the  Y-Ba-Cu-O  system  with  =  93  Bi-Sr-Ca-Cu-0  system 

with  Tg  =  1 10  and  Tl-Ba-Ca-Cu-0  system  with  =  128  In  addition 

to  these  materials,  many  authors  had  reported  higher  T^'s,  as  high  as  room 
(32-38) 

temperature. 

One  of  the  most  studied  materials  is  the  YBa2Cu307  system  with  a  of  about 
93  This  material  was  the  first  discovered  with  a  T^.  above  the  boiling  temperature 

of  liquid  nitrogen  which  meant  that  these  materials  and  devices  could  utilize  liquid  nitrogen 
as  a  cryogen  with  a  relatively  simple  cryogenic  setup,  as  simple  as  inserting  a  sample  into 
a  liquid  nitrogen  storage  tank.  The  YBaCuO  phase  with  a  superconducting  T^.  of  93  K  has 
been  identified  as  an  orthorhombic,  distorted  oxygen-deficient  perovskite  of  stoichiometry 
YBa2Cu307.^^’^^^  It  has  been  found  that  several  oxygen  sites  are  vacant  and  that  oxygen 
atoms  can  be  readily  removed  and  intercalated.  Furthermore,  the  oxygen  concentration 
has  been  associated  with  the  bonding  configurations  and  valence  states  of  the  copper  ions, 
a  critical  factor  in  determining  the  superconducting  properties.^^^^^  In  addition  there  are 
several  other  intrinsic  and  extrinsic  features  that  affect  the  superconducting  properties. 

Intrinsically,  the  dimensions  of  the  orthoriiombic  unit  cell  in  comparison  to  certain 
superconducting  characteristic  lengths  can  play  a  role  in  the  superconducting  properties. 
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The  Ginzburg-Landau  coherence  length,  is  the  length  associated  with  the  radius  of  the 
vortex  core  and  plays  a  role  in  the  magnetic  properties  of  superconductors.  The  coherence 
length  of  YBa2Cu30y  has  been  measured  to  be  approximately  15  A  in  the  a-b 
plane^^^’"^^’"^*^  and  approximately  3  A  in  the  c-direction,^'**’'^^^  which  is  comparable  to  the 
unit  cell  dimensions  of  a  =  3.856  A,  b  =  3.870  A  and  c  =  1 1.666  The 

London  penetration  depth,  is  the  distance  into  a  superconductor  that  an  external  dc 
magnetic  field  decreases  to  1/e  of  its  value  outside  the  sample.  Its  value  for  YBa2Cu3(>7 
has  been  measured  to  be  between  1,400  A  and  3,300  A  in  the  a-b  plane^^’^*^  and  as  large 
as  7,000  A  in  the  c-direction.^^^^ 

The  properties  of  the  YBaCuO  system  are  also  affected  by  extrinsic  features  in  the 
samples  as  well.  In  particular,  there  are  microstructures  where  the  possibility  exists  for 
superconducting  regions  to  be  separated  by  non-superconducting  regions.  Defects  such  as 
twin  boundaries  are  an  example  of  these  microstructures.  Twin  boundaries  are  formed 
during  the  tetragonal-to-orthorhombic  transformation  in  the  sample  synthesis  and  occur  as 
a  result  of  stmctural  mismatch  between  the  a  and  b  directions.  On  a  larger  scale,  thin 
films  and  ceramic  samples  are  dominated  by  a  granular  structure^^’^^^  where  the 
superconducting  grain  size  is  found  by  electron-microscopy  and  metallography^^^^  to  be 
approximately  0.05  pm  to  2  There  are  many  experimental  results  which 

indicate  that  these  superconducting  grains  are  surrounded  by  non-superconducting 
materials.^^"^*^  For  example,  fresh-fractured  surfaces  of  a  bulk  sample  indicate  that  the 
materials  in  the  intergranular  regions  have  a  lower  T^.  than  the  grains,  or  no  T^  at  all.^^^^ 

This  structure  of  superconducting  grains  separated  by  a  non-superconducting 
regions  is  essentially  that  of  Josephson  junctions,  a  structure  composed  of  two 
superconductors  separated  by  a  thin  layer  of  non-superconducting  material.  When 
coupled  with  microwave  radiation,  conventional  Josephson  junctions  display  nonlinear 
dynamic  responses.  In  a  single  Josephson  junction  made  up  of  conventional 
superconducting  materials  such  as  Pb,  Sn,  or  Nb,  the  measured  microwave  induced  dc 
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voltages  are  known  to  show  an  oscillatory  behavior  of  both  polarities  as  a  function  of 
microwave  power  and  dc  magnetic  field,  a  polarity  reversal  upon  the  reversal  of  the  dc 
magnetic  field  direction,  and  a  dependence  upon  the  temperature/^"^’^®’^^^  Since 
superconducting  grains  separated  by  normal  regions  in  the  high-T^,  samples  can  be 
assumed  to  behave  like  Josephson  junctions,  Josephson  effects  can  be  expected  in  these 
samples.  If  the  thin  film  thickness  is  comparable  to  the  grain  size,  the  grain  boundaries 
can  be  thought  to  extend  through  the  entire  film's  thickness  and  can  be  approximated  to  be 
nearly  perpendicular  to  the  surface  of  the  films.  Thus  the  film  is  essentially  a  two- 
dimensional  network  of  Josephson  junctions.  Therefore,  the  purpose  of  this  project  is  to 
investigate  the  electrodynamic  responses  to  microwave  radiation  in  unbiased  high-T^ 
YBaCuO  thin  films  as  a  function  of  microwave  power,  external  dc  magnetic  field,  and 
temperature,  and  to  compare  these  results  with  the  nonlinear  dynamic  responses  associated 
with  the  Josephson  junction  structures.  Utilizing  the  two  basic  Josephson  equations: 

(i)  the  time-rate  of  change  of  the  phase  being  proportional  to  the  voltage  and  (ii)  the  spatial 
gradient  of  the  phase  being  proportional  to  the  magnetic  field,  it  will  be  demonstrated  that 
the  results  for  the  high-T^.  oxide  superconductors  are  consistent  with  the  microwave 
response  of  one-dimensional  single  Josephson  junctions.  It  will  also  be  shown  that 
electrodynamic  responses  to  microwave  radiation  in  an  unbiased  TlBaCaCuO  thin  film 
show  similar  results  as  the  YBaCuO  thin  film  results. 

TJie  structure  of  the  remainder  of  the  dissertation  is  as  follows.  Chapter  n  contains 
background  information  which  includes  a  brief  review  of  the  basic  properties  of 
Josephson  effects  and  a  review  of  the  Josephson  effects  in  single-junctions  as  well  as 
known  experimental  results  of  Josephson  effects  in  granular  superconductors.  The 
experimental  techniques  are  discussed  in  Chapter  HI  where  the  methods  of  sample 
preparations  including  evaporation  conditions  and  annealing  conditions  as  well  as  the 
measurement  methodology  are  presented.  The  experimental  results  of  the  microwave 
response  for  high-T^,  oxide  superconducting  thin  films  are  presented  and  discussed  in 
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Chapter  IV.  The  electrodynamic  responses  of  the  samples  will  be  qualitatively  compared 
to  those  found  in  single  tunnel  Josephson  junctions  made  up  of  conventional  metallic 
superconductors.  The  dissertation  ends  with  a  final  chapter  which  summarizes  the 
electrodynamic  responses  to  microwave  radiation  in  high-T^,  oxide  superconducting  thin 
films. 


CHAPTER  II 


BACKGROUND 

A.  REVIEW  OF  JOSEPHSON  EFFECTS 

1.  INTRODUCTION 

A  measure  of  the  long  range  order  which  characterizes  superconductivity  can  be 
described  by  a  macroscopic  wavefiinction  of  the  form 

•P  =  Vp  Expt/» 

where  yis  the  phase  common  to  all  superconducting  electrons  and  p  represents  the 
superconducting  electron  density.  The  supercurrent  density  can  be  shown  to  be 

p.i, 

where  I  is  the  probability  density  of  superconducting  electrons  and  A  is  the  vector 

potential.  For  a  particular  case  where  yis  uniform,  the  current  density  is  /»=  A. 
Combining  with  Maxwell's  equation,  it  is  easy  to  show  that  the  magnetic  field  is  expelled 
from  the  superconductor  as 

H  (X )  =  H  (0)  expj^  ^2.2) 

where  Ajr^  is  the  London  penetration  depth.  Another  consequence  of  the  long  range 
ordering  in  a  bulk  superconduaor  is  the  existence  of  zero- voltage  current.  When  the 
current  exceeds  a  critical  current  value,  a  finite  voltage  developes. 

When  two  superconductors  are  physically  separated  by  a  non-superconducting 
barrier,  the  phase  coherence  can  be  broken  across  a  sufficiendy  thick  barrier,  thicker  than 
the  coherence  length.  In  this  case,  the  phases  of  two  superconductors  are  independent  of 
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each  other.  If  the  barrier  is  infinitely  thin,  then  the  phases  must  be  same  on  both  sides  as 
if  only  one  superconductor  exists.  Thus,  for  sufficiently  thin  barrier,  there  is  a  strong 
tendency  to  maintain  the  phase  coherence  across  the  barrier,  producing  Josephson  effects. 
In  this  dissertation  no  distinctions  will  be  made  with  the  barrier  material  or  geometry  other 
than  the  fact  that  the  critical  current  through  it  is  much  less  than  in  the  neighboring 
superconductors.  Consequently,  the  terms  weak  link  and  Josephson  junction  will  be  used 
to  refer  to  any  weakly  coupled  superconductors.  It  should  be  noted  that  many  of  the 
previous  experiments  related  to  Josephson  effect  have  been  performed  on  various  types  of 
geometries  other  than  ideal  two-dimensional  tunnel  junctions.^^^'^^^  Anderson^^’^^^ 
generalized  the  material  and  geometry  of  barrier  which  separates  superconductors  and 
coined  the  term  "weak  superconductivity",  referring  to  the  phase  coherence  across  the 
barriers  with  reduced  lv/|2  in  the  barriers.  Some  of  the  various  types  of  weak  links  which 
display  Josephson  effects  include:^*^ 

a)  conventional  tunnel  junctions  where  a  well-defined  region  between  two 
superconductors  is  occupied  by  a  non-superconductor,^^’*®^  either  insulator  or  normal 
conductor, 

b)  point  contacts  where  a  very  fine  superconducting  point  is  pressed  onto  a  flat 

superconductor  and  the  degree  of  the  coupling  is  controlled  by  the  pressure  of  the  contact 

(81) 

or  the  amount  of  oxidization  of  the  contact, 

c)  superconducting  thin  film  bridges,  commonly  called  Dayem  bridge,  which  is  a 
narrow  constriction  with  the  dimension  on  the  order  of  1  pm^  between  two 
superconducting  films,^^^^ 

d)  variation  of  the  thin  film  bridges,  called  the  Notarys  bridge,^*^^  in  which  the 
superconductivity  in  the  bridge  is  "weakened"  by  the  proximity  effect  between  the 
superconductor  and  a  superimposed  normal  metal  layer,  and 

e)  solder  junctions^*^^  where  superconducting  material  is  used  as  a  solder  blob  on  a 
superconducting  wire  and  an  oxide  layer  between  the  two  superconductor  forms  a  barrier. 
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Some  characteristics  which  are  common  to  all  weak  links  listed  above  are:^^^ 

1)  Zero-voltage-current  can  be  sustained  between  two  superconductors. 

2)  DC  cunent  can  be  produced  with  an  electromagnetic  input. 

3)  Electromagnetic  wave  can  be  produced  with  a  dc  input 

4)  The  current  density  is  sensitive  to  magnetic  fields. 

5)  Reactance  is  variable. 

6)  Production  of  a  number  of  forms,  including  thin  film  forms,  suitable  for  large 
scale  manufacturing  is  possible. 

Clearly,  Josephson  junctions  are  suitable  for  numerous  technological  applications 

utilizing  these  properties.  Some  of  the  devices  developed  on  the  basis  of  the  Josephson 

effects  are  as  follows:  voltmeters,^*^’*^^  magnetometers,^*^’*^'**^  memory  elements,^®^^ 
(90) 

and  infi’ared  detectors. 

2 .  JOSEPHSON  EQUATIONS 

Josephson  derived  differential  equations  which  relate  the  superconducting  phase  and 
its  spatial  and  rimft  derivatives  to  the  magnetic  fields  and  the  voltage  difference  across  the 
junction  in  superconductor-normal-superconductor  (S-N-S)  tunnel  junctions^  where  N 

may  be  an  insulator  or  a  normal  conductor.  For  a  junction  with  an  area  A  =  WL, 

(L  »  W)  where  the  plane  of  the  junction  between  two  identical  thick  superconductors  is 
in  the  x-y  plane  and  the  junction  thickness  equal  to  1  as  shown  in  Fig.  2-1,  the  well- 
known  equations  describing  Josephson  effects  are: 

(2.3) 

.  _2edTj 

~  ^  =  0  (2-4) 

and 


3^  _  2eV 

t~'3t  fi 


(2-5) 
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where  <t>  is  the  phase  difference  across  the  junction,  d  =  2  +  7  is  the  effective 

thickness  of  the  junction,  Vis  the  voltage  across  the  junction,  and  is  the  junction 

maximum  current  density  which  is  determined  by  the  geometry  and  material,  and  is 

(9\) 

temperature  dependent. 


3.  EQUILffiRIUM  PROPERTIES 

If  <t>  is  independent  of  time,  then  Eq.  (2-5)  leads  to  V=  0.  In  the  absence  of 
external  magnetic  fields,  0  is  also  uniform,  thus,  ^2  =  constant  Therefore,  a  finite 
current  can  flow  across  the  junction  without  any  voltage  drop.  So  the  junction  behaves  as 
a  superconductor.  When  a  current  in  excess  of  the  maximum  permissible  current  through 
the  junction  (maximum  Josephson  current,  Iq  =  jfyA)  is  forced  across  the  junction,  the 
voltage  will  jump  from  the  Josephson  tunneling  characteristic  of  a  zero-voltage  current 
(Josephson  pair  current)  to  the  normal  (quasi-particle)  tuimelling  characteristic  as  shown  in 
Fig.  2-2.  This  was  first  experimentally  observed  by  Anderson  and  Rowell^^^  in  1963. 
Combining  Eqs.  (2-3)  and  (2-4)  with  Maxwell's  equation,  one  gets  for  small  <f> 


=X'/(t> 

where 


(2-6) 


(2-7) 


is  the  Josephson  penetration  depth  of  the  field  into  the  junction  which  can  be  on  the  order 

of  1  mm.  Furthermore,  Eq.  (2-6)  implies  a  Meissner  effect  in  the  junction.  Thus,  in  zero 

or  small  magnetic  fields,  the  Josephson  currents  are  confined  to  a  region  within  -  Aj  of 

the  edge  of  the  junction.  As  in  a  bulk  superconductor,  this  Meissner  effect  is  partially 

(5  7  9Z93) 

destroyed  above  a  sufficiently  large  magnetic  field,  Hcly  '^'^ich  is  shown  to  be'  ’  ’ 


(2-8) 
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Figure  2-1 


Schematic  of  a  Josephson  junction. 
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Figiire  2-2  Current-voltage  characteristics  of  a  Josephson  tunnel  junction. 
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The  magnetic  field  represents  the  value  at  which  one  quantum  of  magnetic  flux 
moves  into  the  barrier.  The  supercurrent  continues  to  flow  even  with  a  magnetic  field 
greater  than  as  long  as  the  superconductors  on  either  side  of  the  barrier  retain  their 
phase  coherence  properties. 

For  short  junctions,  L  «  Aj,  where  L  is  the  transverse  dimension  of  the  junction, 
a  uniform  external  magnetic  field,  Hy,  will  exist  throughout  the  junction  and  will  produce 
spatial  variation  in  ^  inside  the  junction.  This  can  be  expressed  as<l)  =  kx+  after 
integration  of  Eq.  (2-4)  where  ^  is  an  integration  constant  and 


k  = 


2,cd  zj 


(2-9) 


Therefore,  the  Josephson  current  distribution  is  no  longer  uniform,  but  is  sinusoidal  inside 
the  junction,  and  is  given  by 


Jz  W  =Jo  ^o) • 

As  a  consequence,  for  particular  values  of  the  magnetic  field,  the  periodic  behavior  of 
J2^x)  leads  to  zero  net  current  through  the  junction.  For  a  rectangular  junction  defined  by 
Ixl  ^  L/2  and  lyl  ^  W/2  and  assuming  a  uniform  ^,  the  maximum  Josephson  current  as 
a  function  of  magnetic  field  is 


/o(i)  =  4(0) 


sin  (^2) 


(2-11) 


There  are  several  experiments  which  have  verified  Eq.  (2-11).^^’^^’^^^ 

For  long  junctions,  L  »  Aj,  a  non-uniform  current  distribution  can  exist  due  to 
self-fields  even  in  the  absence  of  an  external  magnetic  field.  This  self-field  due  to 
the  tunneling  current  can  be  included  in  the  current  density  expression  as 


J  =j„sin</>  -  ^jA  •ds 


(2-12) 


Graphical  solutions  for  the  magnetic  field  dependence  of  a  current  distribution  in  a 
rectangular  barrier  have  been  given  by  several  authors. The  detailed  behavior  of  the 
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maximum  Josephson  current  depends  on  the  junction  geometry;  but  in  all  cases,  the  total 
current  through  the  junction  is  still  periodic  as  in  Eq.  (2-1 1)  although  current  is  reduced 
due  to  self-field  effects. 


4 .  NONEQUILIBRIUM  PROPERTIES  OF  SHORT  JOSEPHSON  JUNCTIONS 

a)  Electrodynamics  of  Josephson  Junction 

Consider  thick  superconductors  on  both  sides  of  a  junction  as  shown  in  Fig.  2-1. 
Using  Maxwell's  equation  for  the  geometry  shown  in  the  figure,  the  following  equation 
for  a  Josephson  junction  can  be  written^^^’^^^^ 


where  the  phase  velocity  c  is  defined  as 


and 


V2 


(2-13) 


is  the  damping  term,  being  the  relative  dielectric  constant  of  the  junction,  (Tq  the 
junction  conductivity,  and  Cthe  junction  capacitance  per  unit  area.^^*^^  The 
electrodynamic  properties  of  Josephson  junctions  are  determined  fix)m  the  solution  of  the 
Eq.  (2-13)  with  appropriate  boundary  conditions, 
b)  AC  Josephson  Effect 

From  the  time  derivative  of  ^  in  Eq.  (2-5),  it  is  clear  that  if  a  barrier  is  biased  with  a 
dc  voltage  V  =  Vq,  then  the  current  through  the  barrier  is  given  by 


J  =Jo^^ 


2eV„ 


n 


-t  + 


(2-14) 


which  gives  rise  to  an  oscillatory  current  of  fiiequency 
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However,  there  are  three  main  reasons  why  the  direct  detection  of  this  effect  is  not 
experimentally  feasible:  (i)  normal  wires  of  the  measurement  circuit  have  too  high  of  an 
impedance,  (ii)  constant  small  bias  voltages  are  difficult  to  achieve  because  of  thermal 
voltage,  and  (iii)  junctions  usually  do  not  behave  as  a  simple  ideal  sinusoidal  cunent 
source  since  capacitance  and  shunt  resistance  exist 
c)  Shapiro  Steps 

If  an  ac  voltage  exists  in  addition  to  the  dc  voltage,  then  the  voltage  across  a  short 
junction  is 


Vit)  =  Vo+  V  cos  {0}t+  6) 


(2-16) 


for  Hy  =  0.  By  using  Eq.  (2-5),  the  time-dependent  phase  can  be  expressed  as 


0  (0  =  ^  sin  (fi)f  +  0)  +  0o 

and  the  Josephson  current  density  is  given 


(2-17) 


J  =7oSin 


^  sin  (of  +  ^  +  0, 


(2-18) 


This  may  be  expanded  into  a  Fourier-Bessel  series,  yielding 


Q  m  •  oo 


(2-19) 


where  is  the  n-th  order  Bessel  function,  is  the  junction  critical  current  density,  and 
0^  =  0Q  -  nft  Eq.  (2-19)  has  a  dc  component  given  by 


(2-20) 


IcVq  =  n^CD 


when 
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Thus,  the  dc  cuirent  forms  a  series  of  steps  in  the  current-voltage  characteristics  at 
voltages  V[2  given  by 

y  _  n^CD 

(2-21) 

This  was  first  demonstrated  by  Shapiro^^®^^  with  tunnel  junctions.  Levinson^^^^ 
recognized  the  possible  application  of  this  effect  for  precise  voltage  standards.  The 
microwave  induced  steps  are  also  observed  in  weak  links  and  in  point  contacts.^^^^ 
d)  Reverse  AC  Josephson  Effect 

Experimentally  it  is  often  convenient  to  control  the  dc  current  1^^  to  force  the 
junction  to  develop  a  voltage.  In  most  experimental  arrangements  where  a  junction  I-  V 
characteristic  is  swept,  the  bias  current  is  actually  controlled  by  an  external  emf  E 
according  to 


tdc-  j?” 


(2-22) 


where  R  is  the  total  resistance  of  the  circuit  and  Iq  =  AJq  is  the  maximum  Josephson 


current  The  external  emf  E  and  ac  voltage  v  determine  and  It  is  assumed 

that  Eq.  (2-22)  still  holds  for  the  unbiased  case  (E  =  0).^^^^  Then  Eq.  (2-22)  has  two 
variables  -  v  and  0^  -  and  is  given  by^^®^ 


■ir'RJ,J„ 


(2-23) 


where  R  is  now  the  resistance  of  the  junction.  A  similar  expression  for  induced  dc 
voltages  due  to  an  ac  current,  with  amplitude  and  frequency  to,  in  an  unbiased,  low- 
resistance  short  junctions  has  been  developed  for  Ji^^t  ~  ®  solving 

Eq.  (2-13),^^®®^ 


V^=RI,Jo 


2eRI^ 

HCD 


(2-24) 


where  R  is  the  junction  resistance  and  0q  is  the  initial  phase  difference  between  the 
junction  and  the  ac  current.  It  can  be  seen  from  Eqs.  (2-23)  and  (2-24)  that  is 
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oscillatory  with  both  polarities  as  a  function  of  v  and  respectively,  due  to  nature  of 

Bessel  function. 

This  interesting  manifestation  of  the  Josephson  effect,  where  an  ac  current  induces 
dc  voltage  across  unbiased  Josephson  junctions,  was  first  observed  by  Langenberg  et. 
al.^^^^  They  found  that  when  a  junction  is  exposed  to  microwave  radiation  alone  and  left 
unbiased,  dc  voltages  can  be  induced  across  the  junction  which  are  sometimes  quantized. 
The  microwave  induced  dc  voltage  was  found  to  depend  on  the  microwave  power  and 
applied  dc  magnetic  field  as  well  as  the  direction  of  the  applied  dc  magnetic  field.  A  more 
detailed  analysis  of  this  effect  was  first  discussed  by  Chen,  et.  al.^^*^^^  This  effect  is  now 
called  the  reverse  ac  Josephson  effect.  However,  due  to  the  complicated  parameter 
dependence,  not  much  theoretical  woric  has  been  completed. 

5 .  ELECTRODYNAMICS  OF  LONG  JOSEPHSON  JUNCTIONS 

The  electrodynamic  properties  of  a  long  junction  (L  »  Xj)  are  determined  by 
Eq.  (2-13)  with  appropriate  boundary  conditions.  There  are  at  least  two  solutions  which 
leads  to  two  possible  types  of  dynamic  vortex  naodes  in  a  long  junctions. 

Noniesonant  vortex  mode:^^®^'^^®^  One  or  more  vortices  propagate  back  and  forth 
in  a  long  junction  giving  rise  to  resistive  branches  on  the  I-  V characteristics.^^^^^  For 
this  non-resonant  vortex  motion  to  occur,  the  effective  magnetic  field  at  the  junction  edges 
must  be  less  than  the  critical  field  of  the  junction,  When  the  magnetic  field  at  the 
edge  of  the  junction  exceeds  another  mode,  flux  flow,  becomes  possible. 

Flux  Vortices  can  be  created  at  one  edge  of  the  junctions,  move 

across  the  junction  once,  and  are  destroyed  at  the  opposite  edge.  It  has  been  found^^^^^ 
that  microwaves  can  induce  a  resistive  state  above  a  certain  threshold  microwave  power. 
This  flux-flow  state  can  occur  when  the  maximum  magnetic  field  of  the  microwave 
exceeds  The  dynamic  properties  of  vortices  in  the  absence  of  any  dissipative  effect 
and  external  current  have  been  theoretically  investigated  by  many  researchers.^^^^'^^^^ 
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Josephson  junctions  can  be  modeled  as  a  parallel  combination  of  a  resistor,  a 
capacitor,  and  an  ideal  Josephson  current  source.  (See  Fig.  2-3.)  Assuming  an  ac  ciurent 
bias,  and  if  the  spatial  variation  of  0  is  ignored,  the  following  equation  of  motion  can  be 
written 


^dV^  ^  ^V(t)  +  Io^in0  (t)  =  I  sincot 
or,  in  terms  of 


(2-25) 


This  is  identical  to  the  equation  of  motion  for  a  simple  pendulum  driven  by  an  external 
periodic  torque  T,  given  by 


Id^t+  mgl  Sind  =  t  (2-27) 

where  dis  the  angular  displacement  of  the  pendulum,  1  is  the  length  of  the  pendulum 
arm, /the  moment  of  inertia,  and  Df  is  the  damping  factor.  (See  Fig.  2-4.)  Along 
junction  can  be  considered  as  an  array  of  coupled  pendulum.^^^^’^^®^  The  microwave  E 
field  or  induced  current  at  one  end  of  the  array  acts  like  an  oscillatory  torque  which  sets  up 
a  wave  motion  along  the  pendulum  array.  Beyond  some  threshold  microwave  power,  the 
end  pendulum  can  be  driven  synchronously  over  the  top,  creating  vortices  propagating 
toward  the  other  end.  In  this  model,  the  microwave  induced  resistive  state  is  very  similar 
to  the  flux-flow  resistive  state  of  a  type  Il-superconductor,  except  that  the  magnetic  flux 
may  be  reflected  at  the  end  of  the  junction  with  a  change  in  sign  of  the  magnetic  field.^^^^^ 
Therefore,  the  microwave  induced  steps  can  be  viewed  in  terms  of  a  flow  of 
quantized  vortices  through  long  junctions  synchronized  by  the  microwave  field.^^’^^’^^^ 
In  the  presence  of  a  current,  this  transverse  motion  is  driven  by  the  Lorentz  force  between 
the  magnetic  flux  of  the  vortex  and  the  cuirenL  The  role  of  ac  current  superposed  on  the 
dc  current  is  to  modulate  the  vortex  driving  energy  as  a  function  of  time.  When  the 
modulation  is  sufficient,  the  passage  of  vortices  can  be  synchronized  to  the  driving 
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frequency,  so  that  more  than  one  vortex  is  driven  across  the  barrier  during  each  cycle.  In 
an  one-dimensional  junction,  the  voltage  induced  by  an  isolated  vortex  moving  with  a 
steady  state  speed  u  is  given  by 

^  (2-28) 

Thus,  it  is  expected  that  the  vortex  motion  in  a  long  Josephson  junction  will  lead  to  voltage 
developed  across  the  junction.^^^^'^^^^ 

B.  JOSEPHSON  EFFECTS  IN  GRANULAR  SUPERCONDUCTORS 

Experimental  evidence  for  Josephson  effects  in  granular  superconductors  has  been 
observed  in  conventional  metallic  as  well  as  the  new  high-T^  oxide  superconducting 
materials.  Samples  made  by  pressing  together  about  10^  grains  of  superconducting  Nb, 
Ta,  and  Sn  with  oxide  layers  surrounding  the  grains  were  used  by  Warman  et.  al.^^^'^^  to 
show  that  grains  are  coupled  as  Josephson  junctions  by  demonstrating  dc  and  ac 
Josephson  effects  occurring  between  the  superconducting  grains.  Another  group  used 
20  MHz  if  radiation  to  induce  a  dc  voltage  in  granular  superconducting  aluminum  particles 
of  100  -  500  A  diameters  with  oxide  coatings.^^^’*^^^  The  induced  dc  voltages  were 
observed  to  show  an  oscillatory  behavior  with  both  polarities  as  a  function  of  if  power  and 
external  dc  magnetic  fields.  In  another  study,  if  current  was  passed  through  a  sputtered 
M053C37  superconducting  films  resulting  in  an  induced  dc  voltage  with  oscillatory 
behavior  of  both  polarities  as  a  function  of  temperature,  if  amplitude,  and  rf 
firequency.^^*^^  This  effect  was  due  to  small  scale  inhomogeneities  in  the  films  and 
subsequent  local  variations  in  T^.  which  resulted  in  the  formation  of  superconducting 
islands  separated  by  normal  regions.  Similar  observations  of  the  reverse  ac  Josephson 
effects  have  been  reported  with  powdered  Nb  samples^^^^  and  Sn33Pbg7  alloy. 

Since  the  discovery  of  high-Tc  oxide  superconductors,  many  researchers  have 
pointed  out  that  the  superconducting  grains  in  these  ceramic  superconductors  may  be 
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Figure  2-3  A  Josephson  junction  can  be  modeled  as  a  combination  of  a  resistor, 
a  capacitor,  and  an  ideal  Josephson  current  source. 


Figure  2-4  An  ideal  Joscphscm  junction  has  a  mechanical  analog  of  a  simple 
pendulum  driven  by  an  external  torque. 
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Josephson  coupled/^’^^’^^^  Measurements  of  magnetization,  susceptibility,  and 
microwave  absorption  on  sintered  samples  have  supported  this  suggestion/^*’®^’^^^'^^^^ 
There  is  more  direct  evidence  of  Josephson  effects  arising  from  intergranular  couplings  in 
high-Tc  oxide  superconductors  including  Shapiro  steps  in  point  contacts,^^^^'^^^  radiation 
emission  from  dc-biased  Josephson  junctions  consisting  of  a  few  intergranular 
junctions,^^^^^  and  the  dependence  of  the  critical  current  on  magnetic  field  in  single  grain 
boundaries  of  polycrystalline  DyBaCuO/^^^ 

Several  research  groups  have  investigated  the  reverse  ac  Josephson  effect  in  the 
high-Tc  oxide  superconductors.^’^^’^*’^^^'^^^  Some  have  utilized  the  reverse  ac 
Josephson  effect  to  determine  the  superconducting  transition  in  multiphase 
systems^^"^'^^’^*’^^^’^^^^  where  the  weak  granular  nature  may  hinder  observations  of  zero- 
voltage  current  as  normal  regions  formed  between  grains  may  interrupt  the  path  of 
superconducting  currents  through  the  entire  sample.  Consequently  for  a  samples  with  a 
minority  superconducting  phase,  the  resistive  transition  of  the  superconducting  phase  may 
not  be  observed  because  of  a  discontinuous  superconducting  path  or  a  very  small  critical 
current  Thus,  it  is  common  to  have  samples  with  minority  superconducting  phase  to 
show  no  resistive  transition  or  to  exhibit  electrical  transitions  that  are  not  reproducible 
from  cycle  to  cycle.  The  reverse  ac  Josephson  effect  can  be  used  in  these  cases  to  detect 
superconducting  transitions.  In  fact  the  reverse  ac  Josephson  effect  is  most  easy  to 
observe  when  parts  of  a  sample  become  superconducting  with  very  small  critical  current 
densities.  Thus,  the  reverse  ac  Josephson  effect  is  a  good  method  for  detecting  the 
superconducting  transition  since  it  is  easiest  to  observe  just  below  the  transition 
temperature. 

The  fact  that  it  is  very  difficult  to  control  the  microscopic  structure  of  the  junctions  in 
films  complicates  many  features  that  are  readily  observable  in  conventional  Josephson 
junctions.  However,  the  response  to  radiation  and  the  ease  in  fabrication  make  granular 
films  an  attractive  possibility  for  their  use  as  detectors  in  the  microwave  region.  There  are 
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other  applications  using  grain  boundaries  and  their  Josephson  couplings,  including 
submillimeter  wave  detection,^^^^^  bolometer,^^^^  and  heterodyne 
mixing^^^^^  applications. 


CHAPTER m 


EXPERIMENTAL  TECHNIQUES 

A.  SAMPLE  PREPARATION 

This  section  applies  to  all  the  samples  presented  in  this  dissertation  except  sample 
626  which  was  a  Tl-Ba-Ca-Cu-0  (TBCCO)  film  prepared  through  reaction  between  vapor 
of  TBCCO  bulks  and  amorphous  Ba-Ca-Cu-O  (BCCO)  films  at  the  Superconducting 
Materials  Laboratories,  Industrial  Technology  Research  Institute,  Taiwan,  ROC. 

1.  SUBSTRATE 

Polished,  optical-quality  sapphires  with  (1102)  crystal  orientation  and  dimensions 
0.500 "  X  1.000  "  X  0.018  "  were  used  as  substrate  materials  for  thin  films.  The 
substrates  were  scrubbed  with  Alconox  detergent  and  distilled  water  using  cotton  swabs. 
After  rinsing  with  distilled  water,  they  were  placed  in  an  ultrasonic  cleaner  with  either 
acetone  or  isopropyl  alcohol  for  approximately  15  minutes.  Then  they  were  placed  above 
boiling  isopropyl  alcohol  for  approximately  1  hour  so  the  alcohol  vapor  can  further  clean 
the  substrates. 

2.  EVAPORATION 

Thin  films  were  deposited  by  an  electron-beam  evaporation  technique^^^'^^*^ 
utilizing  bars  of  oxygen-fiee  copper  and  of  yttrium,  and  pressed  BaF2  pellets  (10  tons, 
3/4"  diameter)  in  a  rotatable  four-source  hearth.  A  single  e-beam  was  used  to  sequentially 
deposit  layers  of  Cu,  BaF2,  and  Y  in  a  variety  of  thicknesses  and  sequence  combinations 
to  produce  thin  films  with  thicknesses  ranging  from  6,600  A  to  14,000  A.  Table  3-1 
summarizes  the  evaporation  sequence  and  thickness  of  each  layer  for  samples  presented  in 
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this  dissertation.  All  films  were  evaporated  with  nominal  Y :Ba:Cu  stoichiometric  ratios  of 
1:2:3  except  EB113-la  which  was  for  a  ratio  of  5:6:11.  The  evaporations  were  done  in  a 
vacuum  of  approximately  10'^  - 10"^  torr  range  without  any  substrate  heating  or  any  in- 
situ  gas  treatment  The  substrate  was  located  7.5"  above  the  target  and  1/2"  below  an 
Inficon  XTC  Thin  Film  Thickness  and  Rate  Monitor.  Table  3-2  summarizes  the  average 
evaporated  thickness  for  each  of  the  three  materials,  the  total  evaporated  thickness,  and  the 
average  evaporation  rate  for  each  material  as  determined  by  the  XTC.  After  the 
evaporation  process,  the  samples  were  left  in  the  evaporation  chamber  and  the  chamber 
was  backfilled  with  nitrogen  gas.  After  the  samples  cooled,  the  samples  were  placed  in  a 
dry  box  until  annealing. 

3.  POST-DEPOSIT  ANNEAL 

The  main  reason  BaF2  was  used  for  the  barium  source  was  because  of  its  improved 
reproducibility.^^  Barium  readily  reacts  with  O2,  H2O,  and  CO2  in  the  ambient  leading 

to  inconsistent  evaporation  behavior  and  it  is  unstable  in  a  laboratory  environment.  A 
small  amount  of  water  vapor  in  the  post-deposition  oxygen  anneal  removed  fluorine  and 
facilitated  the  conversion  of  the  deposited  materials  into  the  superconducting  phase  of 
YBa2Cu307.  The  overall  reaction  for  the  removal  of  fluorine 
BaF2  (s)  +  H2O  (g)  -  BaO  (s)  +  2  HF  (g). 

This  reaction  was  accelerated  by  the  following  techniques:  (i)  the  partial  pressure  of  H2O 
was  increased  by  bubbling  the  O2  gas  through  warm  distilled  water  and  (ii)  the  partial 
pressure  of  HF  at  the  film  surface  was  decreased  by  using  a  higher  flow  of  the  moist 
oxygen.  This  was  acccHnplished  by  having  the  water  vapor  delivered  to  the  top  of  the  film 
for  maximum  vapor  pressure  at  the  surface.  The  partial  pressure  of  HF  is  also  decreased 
by  presence  of  silica  since  silica  reacts  with  HF  as  shown  by 

Si02  (s)  +  4  HF  (g)  -  SiF4  (g)  +  2  H2O  (g). 

Two  important  temperatures  in  the  annealing  process  were;  (i)  the  temperature 
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Table  3-1.  Summary  of  the  Thin  Film  Evaporation  Conditions. 


Sample 
(Evap.  Date) 

Evaporation 

Sequence 

Intended 

Thickness 

(A) 

Total 

Thickness 

(A) 

Notes 

EB6 

(1/29-2/7/88) 

Cu 

BaF2 

Y 

BaF2 

Cu 

Cu* 

Sapphire 

600 

2,000 

1,100 

2,000 

600 

300 

6,600 

*Extra  layer  of  300  A  Cu 
evaporat^  on  sapphire  to 

minimize  film-substrate 
interaction. 

EB45 

(8/25/88) 

Y 

4  sets  of  BaF2 

Cu 

Cu* 

Sapphire 

439 

1,588 

473 

477 

10,000 

*Extra  layer  of  477  A  Cu 
evaporat^  on  sapphire  to 
minimize  film-substrate 
interaction. 

EB46 

(10/5/88) 

Y 

4  sets  of  BaF2 

Cu 

Sapphire 

272 

1,747 

473 

9,968 

EB48 

(10/12/88) 

Y 

4  sets  of  BaF2 

Cu 

Sapphire 

272 

1,747 

473 

9,968 

EB54 

(11/2/88) 

Y 

4  sets  of  BaF2 

Cu 

Sapphire 

356 

1,747 

473 

10,304 

EB61 

(11/29/88) 

Same  as  EB54. 

EB104 

(6/8/89) 

Same  as  EB54 
except  6  sets. 

15,462 

EB113 

(7/24/89) 

Y 

8  sets  of  BaF2 

Cu 

Sapphire 

356 

1,048 

355 

14,072 

Evaporated  with  5-6-11 
stoichiometric  ratio. 

EB119 

(10/25/89) 

Same  as  EB54. 

Evaporated  silver  on  top 
for  electrical  contacts. 
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Table  3-2-a.  Summary  of  the  Thin  Film  Evaporation  Conditions. 


Sample 

Average  Evaporated 
Thickness^)  (A) 

Total  Evaporated 
Thickness(0  (A) 

Average  Evaporation 
Rate(2)  (A/s) 

Cu 

BaF2 

Y 

Cu 

BaFj 

Y 

EB6 

774(3) 

2,005 

1,100 

6,759 

5.3^^^ 

3.9 

6.6 

EB45 

474 

1,590 

464 

10,111 

0.6 

2.9 

1.0 

EB46 

475 

1,753 

292 

10,074 

1.4 

4.1 

2.2 

EB48 

480 

1,770 

370 

10,472 

4.8 

12.5 

1.2 

EB54 

494 

1,750 

361 

10,419 

2.0 

4.4 

1.5 

EB61 

475 

1,748 

371 

10,377 

1.0 

6.8 

1.2 

EB104 

475 

1,751 

474 

15,494 

1.0 

3.6 

1.1 

EB113 

358 

1,050 

371 

14,231 

1.8 

2.9 

2.0 

EB119 

515 

1,750 

366 

10,373 

5.9 

3.8 

1.7 

(1)  Thickness  of  each  evaporated  layer  is  measured  during  the  evaporation  using  Inficon 
XTC  Thin  Film  Thiclmess  and  Rate  Monitor. 

(2)  Evaporated  thickness  /  evaporation  time 

(3)  Includes  the  extra  300  A  Cu  layer. 


Table  3-2-b.  The  XTC  Settings  for  EB54-lfb. 


Cu 

BaF2 

Y 

Density 

8.93 

4.85 

4.34 

Z-Ratio 

0.437 

0.722 

0.835 

Tooling  Factor  (%) 

139 

139 

139 
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range  between  650°C  and  875°C  for  the  removal  of  HF  and  for  the  nucleation  and  growth 
of  the  perovskite  phase,  and  (ii)  the  dwelling  temperature  of  550°C  for  promoting  oxygen 
diffusion  into  the  lattice  and  thereby  producing  superconducting  YBa2Cu3C)7. 

All  of  the  samples  were  annealed  with  the  films  being  placed  on  an  alumina  plate 
which  was  inserted  inside  a  quartz  tube  having  a  controlled  oxygen  flow  rate.  The 
temperature  was  monitored  by  a  thermocouple  placed  within  1/4"  of  the  film.  All 
annealings  were  done  with  one  temperature  controller  and  one  thermocouple  to  ensure 
consistency  from  one  anneal  to  another.  The  temperature  reading  was  stable  to  within  TC 
of  the  ramp  rate  and  dwell  temperature  seqxjints  thus  indicating  an  absence  of  large 
temperature  overshoots  or  severe  fluctuation.  For  all  films,  anneal  cycles  began  with  an 
8(X)°C  per  hour  ramp  to  850°C  or  875°C,  a  dwell  at  the  maximum  tentperature  for  1/2  to 
1  hour,  followed  by  another  dwell  at  550°C  for  1/2  to  1  hour.  Dry  and/or  nwist  oxygen 
flow  was  maintained  throughout  the  entire  cycle  except  where  noted  in  Table  3-3  which 
details  the  annealing  temperature  cycles  and  oxygen  flow  status. 

4.  DIMENSIONS 

Table  3-4  lists  the  dimensions  of  the  thin  films  investigated.  Figure  3-1  indicates  the 
two  shapes  of  samples  used  in  this  study  and  the  corresponding  electrical  contacts  and  lead 
configurations.  The  "H"-shapes  were  either  manually  scribed  before  annealing  or  the 
result  of  evaporating  the  films  with  an  H-shq)e  mask.  The  dimensions  of  the  middle 
section  were  approximately  0.1  to  0.6  mm  wide  and  1.2  to  4.0  mm  long.  Rectangular 
films  were  used  for  resistance  and  ac  magnetic  susceptibility  measurements  as  a  quick 
check  on  the  quality  of  the  films.  The  thicknesses  were  measured  by  the  XTC  during 
evaporation  and  were  used  to  determine  the  cross-section  areas  of  the  samples.  One 
should  note  that  the  actual  film  thickness  is  different  than  the  sum  of  evaporated  thickness 
of  each  layer  as  measured  by  the  XTC  during  the  evaporation  process  as  can  be  seen  by 
comparing  thickness  measurements  done  using  a  Sloan  Dektak  n  which  indicates  thicker 


Table  3-3.  Summary  of  the  Thin  Film  Post-Deposit  Annealing  Conditions. 
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EB119-b  1  d(850-0.5)  -  r(300)  -  d(550-0.5)  -  nc(550)  D;  M  at  d(850-0.5)) 

-  All  samples  are  ramped  at  8(X)°C  per  hour  from  room  temperature  at  the  beginning  of  anneal. 

-  ©2  flow  was  maintained  throughout  the  entire  annealing  cycle  unless  noted  otherwise. 
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Table  3-4.  Dimensions  of  Thin  Films  Used  in  Electrical  and  Microwave  Measurements. 


Sample 

Shape"*" 

w 

(mm) 

thickness 

(pm) 

1 

(mm) 

minimum  distance 
from  the  waveguide 
short  end,  Xq 

(cm  ±  0.2  cm) 

EB6-4 

H- shape 

0.25 

0.7 

7 

EB45-1 

Rectangular 

5.0 

1.0 

4 

EB45-2 

Rectangular 

5.5 

1.0 

4 

EB46-1 

Rectangular 

1.6 

1.0 

4 

EB48-1C 

Rectangular 

5.4 

1.0 

4 

EB54-lfb 

H- shape 

0.1 

1.0 

1.2 

4.4 

EB54-2b 

H-shape 

1.0 

3.6 

EB61-1 

H-shape 

0.1 

1.0 

2.3 

3.6 

EB 104-1 

H-shape 

0.6 

1.6 

1.3 

EB113-la 

H-shape 

<0.6 

1.4 

1.3 

3.9 

EB119-b 

H-shape 

0.1 

1.0 

1.3 

3.8 

626 

H-shape 

0.3 

1-2 

0.3 

4.8 

+  Refer  to  Fig.  3-3  for  diagrams  of  shape. 

*  Thickness  measured  by  an  Inficon  XTC  Thin  Film  Thickness  and  Rate  Monitor  during 
evaporation. 
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Figure  3-1 


cold-pressed  indium  and 
gold  wire  contacts 


pressure  contacts 
with  copper  wires 


Schematic  of  two  kinds  of  thin  film  shapes  and  electrical  leads  used  for 
electrical  and  microwave  measurements. 
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films  than  those  measured  by  the  XTC;  10,044  A  for  EB6-4  (post-anneal)  and  13,149  A 
for  EB54-2  (pre-anNeal)  as  compared  with  the  XTC  measurements  of  6,759  A  and 
10,419  A,  respectively  (Fig.  3-2).  For  the  purpose  of  comparing  the  approximate 
resistivities  of  the  films  the  total  evaporated  thicknesses  are  used  in  the  calculation  of  the 
cross-sectional  areas.  SEM  micrographs  of  typical  film  samples  after  annealing 
(see  Figs.  3-3  to  3-6)  show  randomly  oriented  structures  and  voids  with  the  dimensions 
on  the  order  of  10' ^  - 10^  pm. 

B .  EXPERIMENTAL  MEASUREMENTS 

1 .  FOUR-PROBE  RESISTANCE  MEASUREMENTS 

Films  EB45-1,  EB45-2,  EB46-1,  and  EB48-lc  were  rectangular  in  shape  and  their 
four-probe  resistance  as  a  function  of  temperature  were  measured.  The  contacts  consist  of 
copper  wires  mechanically  pressed  on  the  film  with  the  arrangement  as  shown  in  Fig.  3-1. 
Film  EB6-4  is  H-shaped  and  cold  indium  solder  was  used  for  contact  The  sample  holder 
which  also  included  a  diode  thermometer  and  a  copper  can  cover  for  thermal  uniformity 
was  lowered  into  a  liquid  helium  storage  tank.  The  temperature  was  controlled  by 
adjusting  the  height  of  the  sample  holder  inside  the  tank.  Bias  currents  were  supplied  by 
an  electronic  current  source  (Keithley  220  or  Keithley  225)  or  by  a  lead-acid  automobile 
battery  with  a  series  of  resistors  used  to  control  the  amount  of  current.  The  dc  voltage  was 
measured  with  a  Keithley  181  ot  Keithley  180  nanovoltmeter.  The  Keithley  180  had  a 
measurement  resolution  of  approximately  50  nV.  The  entire  circuit  was  electrically 
shielded  and  wires  were  twisted  to  minimize  externally  induced  emfs. 

2 .  MICROWAVE  MEASUREMENTS 

The  remaining  films  firom  Tables  3-1  to  3-4  (EB’s  and  626)  had  an  H-shape  and 
were  used  in  our  study  of  the  microwave  effects.  The  films  were  positioned  inside  an 


20KV  X08000  lU  630 


Figure  3-3  SEM  photograph  of  EB46- 1 . 


20KV  X4400  10U  624 


20KV  XI 0000  111  625 


Figure  3-4  SEM  photograph  of  EB45-2. 


Figure  3-5  SEM  photograph  of  EB45- 1 . 
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EB48-1C 


X4100 


0KV  X4900  10IJ  64 


Figure  3-6  SEM  photograph  of  EB48-  Ic. 


36 


X-band  waveguide  by  sandwiching  the  films  between  dielectric  material  and  inserting  the 
waveguide  into  a  double  glass-dewar  system.  The  inner  glass  dewar  was  sealed  so 
samples  could  sit  in  either  a  controlled  gaseous  atmosphere  or  in  a  liquid  cryogen.  The 
sample  temperature  can  decrease  from  room  temperature  to  approximately  80  K  over  a 
period  of  a  few  hours  after  the  outer  dewar  was  filled  with  liquid  nitrogen.  Further 
cooling  was  done  by  putting  liquid  nitrogen  inside  the  inner  dewar.  For  temperatures 
between  approximately  64  K  and  78  K,  the  samples  were  immersed  in  liquid  nitrogen  and 
the  temperature  was  varied  by  lowering  the  surface  vapor  pressure  of  the  liquid  nitrogen. 
The  rate  of  temperature  change  in  this  range  could  be  as  low  as  1  K  per  hour.  The 
experiment  with  EB61-1  involved  the  use  of  liquid  helium  in  the  inner  dewar  and  the  cold 
vapor  resulting  from  the  liquid  helium  to  achieve  temperatures  ranging  fix»m  4  K  to  room 
temperature.  All  warming  processes  were  done  by  natural  radiant  warming  without  the 
use  of  any  Joule  heater.  A  diode  thermon^ter  mounted  on  the  exterior  of  the  waveguide 
was  used  to  monitor  the  temperature. 

The  electrical  contacts  were  made  with  cold  indium  solder  between  the  films  and 
gold  wires  on  the  four  legs  of  the  "H".  Typical  contacts  resistance  remained  constant  for 
more  than  2  months  in  a  nitrogen  gas  atmosphere  with  Rcontact/^sample  —  Indium 
solder  was  used  to  attach  the  gold  wires  to  copper  wires  which  were  led  out  of  the 
waveguide  through  small  holes  and  connected  to  the  measurement  instrumentation.  All 
leads  were  shielded  and  twisted  by  pairs  to  minimize  externally  induced  emf.  The  entire 
circuit  including  all  instruments  and  current  source  were  shielded. 

Microwave  experiments  were  done  with  a  microwave  frequency  of  f  =  8.30  ±  0.02 
GHz  with  a  cutoff  firequency  of  ^  =  6.52  GHz  in  the  TEjo  nrode.  This  resulted  in  an 
effective  wavelength  of  approximately  7.8  cm  in  nitrogen  gas  and  approximately 
6.4  cm  in  liquid  nitrogen  (A'ln)  using 


(3-1) 
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where  c  is  the  speed  of  light  in  vacuum  and  n  is  the  index  of  refraction  for  the  material 
inside  the  waveguide  =  1.0,  =  1.2), 

The  microwaves  were  generated  by  an  HP-8690B  Sweep  Oscillator  in  the  CW  mode 
with  an  HP-8694A  (8.0  -  12.4  GHz)  RF  unit  plug-in.  The  incident  power  was  attenuated 
by  an  HP-X382A  Variable  Attenuator  which  permitted  a  maximum  incident  power  of 
approximately  30  mW  at  the  minimum  attenuation  setting.  The  incident  power  was 
measured  with  an  HP-433 1C  Power  Meter  which  was  connected  to  an  HP-X752C 
directional  coupler  (10  dB).  All  power  readings  are  indicated  by  10  dB  attenuated 
readings.  The  waveguide  section  which  is  inside  the  dewar  was  sealed  from  the  rest  of  the 
waveguide  by  a  quartz  piece  so  that  the  sample  could  be  in  a  controlled  atmosphere. 

The  samples  were  squeezed  inside  a  dielectric  material  such  as  cork  or  styrofoam 
which  then  was  secured  inside  the  waveguide.  The  end  of  the  waveguide  was  a  conductor 
which  could  be,  adjusted  up  to  2.8  cm  so  that  the  coupling  of  the  sample  to  the  standing 
wave  near  the  end  conductor  could  be  changed.  Measurements  were  performed  near 
(3/4)  A'  which  would  result  in  a  maximum  or  near  A’  a  location  with  a  maximum 
Bjf  (a  minimum  E^).  The  samples  were  positioned  inside  the  waveguide  so  that  the  Ejf 
were  parallel  to  the  center  section  of  the  H-shaped  films  and  the  Brf  field  perpendicular  to 
the  plane  of  the  film  as  shown  in  Figs.  3-7  to  3-8.  Figure  3-7  is  a  schematic  showing  the 
fields  orientation  and  the  grains  shown  do  not  represent  actual  grain  airangement 

A  pair  of  Helmholtz  coils  located  between  the  inner  and  outer  dewars  provided 
external  dc  and  ac  modulated  magnetic  fields  parallel  to  the  as  shown  in  Fig.  3-8. 

The  maximum  magnitude  of  the  external  fields  was  approximately  22  Oe  in  either 
direction.  The  entire  experimental  setup  -  the  waveguide  and  the  dewars  -  were  enclosed 
by  a  double-walled  high-permeability  metal  shield  in  order  to  reduce  the  earth's  magnetic 
field  to  approximately  1  mOe  and  to  shield  stray  electromagnetic  fields.  Figure  3-9  shows 
an  overall  schematic  diagram  of  the  experimental  setup. 

For  unbiased  measurements  the  current  leads  were  left  open  and  the  dc  voltage 
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induced  by  the  microwave  and/or  magnetic  field  was  measured  with  a  Keithley  180 
nanovoltmeter  across  the  middle  section  of  the  H-shaped  films.  For  current  biased 
measurements  the  dc  current  was  supplied  by  a  lead-acid  automobile  battery  with  a  series 
of  resistors  used  to  control  the  amount  and  the  direction  of  the  current.  The  induced  dc 
voltage  along  with  other  parameters  such  as  microwave  power,  dc  magnetic  field,  distance 
from  the  end  conductor,  and  temperature  was  recorded  by  an  x-y  plotter  or  by  recording 
the  displays  manually. 


Figure  3-8  Schematic  diagrams  of  a  thin  film’s  position  inside  X-band  waveguide 
and  fields  directions.  Also  shown  are  a  thermometer  and  the  adjustable 
end  conductor. 


CHAPTER  IV 


EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 

A.  RESISTIVE  AND  MAGNETIC  CHARACTERISTICS  OF  YBaCuO 

THIN  FILMS 

A  summary  of  the  resistive  characteristics  for  the  thin  film  samples  used  in  this 
dissertation  is  given  in  Table  4-1  which  lists  the  resistances  near  room  temperature,  at 
100  K,  and  at  liquid  nitrogen  temperature.  The  values  of  the  resistivity  at  100  K  and  78  K 
are  also  listed  for  comparison  between  samples  with  different  dimensions.  Tq,  the  onset 
of  the  resistive  transition,  is  around  90  K  for  all  YBaCuO  films,  and  Tq  indicates  the 
temperature  where  the  resistance  acmally  goes  to  zero.  All  samples  have  a  rather  broad 
transition  region  indicating  a  very  weak  intergranular  coupling  due  to  the  microstmctures 
of  these  films.  One  further  notes  that  the  resistivity  ranges  between  10"  ^  Q  cm  and 
10‘3  Q  cm  at  100  K  and  that  the  higher  Tg's  are  for  samples  with  the  lower  resistivities. 
Figure  4-1  shows  the  temperature-dependent  resistance  for  four  samples  (EB46-1, 
EB45-2,  EB45-1,  and  EB48-lc)  which  had  rectangular  shapes.  The  resistance  of  EB46-1 
is  in  the  MO  range  and  the  temperature  dependence  is  similar  to  that  of  a  semiconductor. 
EB45-2  has  a  similar  normal-state  behavior  but  whose  resistance  is  nearly  4  orders  of 
magnitude  lower.  In  addition,  there  are  two  noticeable  resistance  drops  at  lower 
temperatures,  82  K  and  46  K.  These  drops  are  consistent  with  the  onset  of 
superconductivity  in  certain  regions  of  the  film  as  well  as  some  fraction  of  the  sample 
showing  intergranular  coupling  at  the  lower  temperatures.  This  behavior  clearly  indicates 
that  the  normal-state  resistance  is  determined  by  the  intergranular  material  and  not 
necessarily  by  the  YBa2Cu307  granules  in  these  films.  The  other  two  samples  show 
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Table  4-1.  Summary  of  the  Resistance  Measurements. 


Sample  (pA) 

R(Q) 

P  (10-5 

Qcm) 

T,(K) 

To(K) 

290  K 

100  K 

78  K 

100  K 

78  K 

EB6-4 

1(0) 

1,050^^) 

550 

320 

1.4 

0.8 

90 

~65 

EB45-1 

10 

123(2) 

139 

127 

18 

16 

86 

EB45-2 

1 

222(2) 

650 

770 

90 

no 

82,  46 

EB46-1 

1 

77,000(2) 

EB48-1C 

1 

44 

35 

25 

4.7 

3.4 

88 

-58 

EB54-lfb 

1 

665 

470 

65 

3.9 

0.54 

92 

-70 

EB54-2b 

1 

700 

590 

310 

90 

EB61-1 

1 

3,750 

5,400 

4,070 

23 

18 

90 

EB104-la 

0.5 

92(4) 

92 

EB113-la 

0.5 

78 

59 

5 

<3.8 

<0.32 

94 

EB119-b 

130 

1.0 

86 

-67 

626 

0.5 

8,300(^) 

2,300 

*1,200(5) 

*300 

120 

Note:  The  resistivites  are  for  con^arison  between  films  only.  The  thicknesses  were 
measured  by  the  XTC  during  evaporation  and  are  used  to  determine  the  cross-section 
areas  of  the  samples.  One  should  note  that  the  actual  film  thicknesses  are  different  than 
the  sums  of  evaporated  thickness  of  each  layer  as  measured  by  the  XTC. 

T^:  Onset  temperature  of  resistive  transition. 

Tq:  Temperature  where  R  =  0. 

Slowly  oscillating  (0.03  Hz)  current  used. 

O)  T  =  275  K 
(2)  T  =  270  K 

P) T  =  250K 

Three  leads  measurement 
(5)  T  =  120  K 


R(n) 
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resistive  transitions  near  90  K  with  EB48-lc  having  a  more  metallic-like  normal-state 
temperature  dependence.  The  different  resistance  behavior  for  these  films  appears  to  be 
correlated  with  the  oxygen  annealing  conditions  and  the  presence  of  moist  oxygen.  For 
the  three  samples  with  the  non-metalUc-Uke  behavior,  moist  oxygen  was  used  throughout 
the  entire  annealing  cycle  although  the  oxygen  stopped  flowing  near  the  end  of  the  cycle. 
(See  Table  3-3.)  This  is  in  contrast  with  EB48-lc  which  had  dry  oxygen  flowing  during 
the  annealing  cycle  except  during  850°C  dwell  where  moist  oxygen  was  introduced. 

From  the  SEM  photos  shown  in  Figs.  3-3  to  3-6,  one  can  see  that  an  increase  in  the 
density  of  the  microstmctures  and  in  the  amount  of  voids  is  correlated  with  samples 
showing  a  decreasing  resistivity.  Thus,  it  appears  that  the  annealing  conditions,  especially 
the  moist  oxygen  treatment,  results  in  different  kinds  of  materials  between  the 
superconducting  grains  and  correspondingly  determines  the  resistance  characteristics  for 
these  films. 

The  resistive  transition  of  EB6-4  which  shows  a  Tc  of  approximately  90  K  and  a  Tq 
of  approximately  65  K  is  shown  in  Fig.  4-2.  This  sample  is  representative  of  the  better 
superconducting  thin  films  as  indicated  by  the  relatively  low  normal- state  resistivity  of 
approximately  10"^  Q  cm  and  by  the  metallic-like  normal-state  temperature  dependence. 
The  wide  transition  is  again  due  to  the  granular  nature  of  the  film  and  the  weak  coupling 
strength  between  the  grains.  As  the  temperature  is  lowered,  more  paths  are  able  to  pass 
supercurrent  and  the  sample  resistance  becomes  smaller  until  there  exist  a  complete  path 
for  supercurrent  to  flow  throughout  the  sample  at  Tq.  This  causes  a  zero- voltage  current 
to  develop  across  the  sample.  The  characteristics  of  the  diamagnetic  superconducting 
transition  of  EB6-4  are  shown  in  Fig.  4-3.  The  inductive  component  ^  of  the  ac 
magnetic  susceptibility  is  shown  for  oscillating  (250  Hz)  magnetic  fields  perpendicular  to 
the  plane  of  the  film  and  for  magnitudes  ranging  from  4.2  mOe  to  4200  mOe.  One  clearly 
notes  that  the  onset  of  a  superconducting  transition  as  indicated  by  a  diamagnetic  signal  is 
at  a  temperature  of  about  60  K.  This  temperature  is  essentially  the  same  temperature  as 
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where  the  resistance  becomes  zero.  Thus,  the  presence  of  a  bulk  diamagnetic  signal 
occurs  when  the  grains  are  coupled  completely  so  the  field  can  be  excluded.  The  apparent 
Meissner  (shielding)  effect  is  field  dependent,  suggesting  that  the  coupling  strength  is  also 
strongly  field  dependent  This  field  dependence  can  be  qualitatively  explained  in  terms  of 
a  weak  coupling  between  the  superconducting  grains  as  when  the  induced  current  from  the 
ac  magnetic  field  exceeds  the  zero- voltage  current,  the  grains  are  effectively  decoupled  and 
the  diamagnetic  response  is  diminished.^^^^^ 

The  existence  of  a  zero-voltage  current  (or  critical  current)  for  EB6-4  is  explicitly 
shown  in  Fig.  4-4  which  shows  a  well-defined  and  symmetrical  maximum  zero-voltage 
current  at  4.2  K.  A  finite  voltage  developes  when  the  current  through  the  thin  film 
exceeds  a  critical  current  value  of  approximately  13  mA  or  about  7  x  Kp  A/cm^.  (The 
appearance  of  a  measurable  voltage  larger  than  50  nV  is  utilized  as  the  experimental 
criterion  for  the  critical  current  determination.)  As  the  current  is  increased  beyond  the 
critical  current  value,  the  slope  of  the  I- V  curve  gradually  decreases.  Between  zero  and 
0.1  V,  the  inverse-slope  of  the  I-V  curve  is  approximately  0.022  ^2  whereas  between 
0.1  V  and  0.2  V,  it  is  approximately  0.067  i2.  These  values  are  much  smaller  than  the 
normal-state  resistance  of  jq)proximately  300  ft.  This  slow  transition  of  the  I-V  slope  to  a 
normal-state  resistance  value  can  be  explained  by  realizing  that  there  are  many  junctions 
with  different  values  of  critical  currents.  As  the  current  exceeds  the  critical  value,  a  small 
voltage  develops  across  each  junction  causing  an  almost  continuous  I-V  trace.  The 
temperature  dependence  of  Iq  is  shown  in  Fig.  4-5.  The  extrapolation  of  the  data  yields  a 
zero  critical  current  temperature  of  ^proximately  55  K  which  agrees  with  the  resistance 
determinatitm  and  also  with  the  magnetic  susceptibility  result  The  temperature 
dependence  of  the  critical  current  is  approximately  linear  near  Tq  and  the  exponent  a  of 
(Tq  -  T)3  is  greater  than  one  for  T  «  T^.  The  magnitude  of  the  critical  current  density 
(/=  10^  A/cm^)  and  the  temperature  dependence  suggest  that  the  current  transport 
properties  are  governed  by  junction  regions  being  normal  metallic  barriers,  perhaps  as  in  a 
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Figure  4-4  I-V  characteristic  for  EB6-4  at  T  =  4.2  K. 
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micTobridge  arrangement,  rather  than  insulating  barriers,  which  have  a  <  1.  Thus  we 
expect  the  microwave  effects  on  these  fflms  to  be  more  associated  with  a  S-N-S  type 
junction  than  the  classical  S-I-S  tunnel  junction. 

B .  EFFECTS  OF  MICROWAVE  AND  MAGNETIC  FIELDS  ON  I-V 
CURVES 

In  this  section,  the  effects  of  microwave  radiation  (f  =  8.3  GHz)  and  dc  magnetic 
fields  on  the  I-V  characteristics  are  presented.  The  samples  are  located  near  a  maximum  in 
the  electric  field  of  the  microwave  radiation  in  the  waveguide  unless  otherwise  noted. 

The  resistive  transition  of  film  EB104-la  is  shown  in  Fig.  4-6  along  with  I-V  traces 
with  and  without  microwave  radiation  at  80  K.  The  I-V  trace  with  zero  microwave  power 
indicates  that  the  resistance  is  48  O  which  agrees  with  the  R  vs.  T  result  in  the  transition 
region  of  80  K.  With  30  mW  of  microwave  power  incident  on  the  film,  one  notes  that 
there  is  an  induced  dc  voltage,  even  at  zero-current.  Over  the  entire  I-V  trace  shown,  the 
microwave  induced  voltage  appears  to  increase  with  the  magnimde  of  the  bias  current  as 
indicated  by  the  smaller  slope.  Similar  behavior  in  the  I-V  characteristics  is  observed  in 
film  EBl  13-la  as  shown  in  Figs.  4-7  and  4-8.  Again  a  microwave  induced  voltage  is 
observed  at  zero-bias  cunent  and  the  slope  of  the  corresponding  linear  I-V  trace  is  smaller. 
In  addition,  the  induced  voltages  with  a  dc  magnetic  field  are  also  presented.  The 
microwave  induced  voltage  with  0  can  be  the  result  of  several  mechanisms  including 
a  rectification  of  the  ac  voltage  at  the  film's  grain  boundaries,  heating  of  the  films  by  the 
microwave  radiation  which  increases  the  sample  resistance  and  thereby  lowering  the  slope 
of  the  I-V  trace,  or  an  effect  related  to  the  superconducting  properties  of  the  grains  in  the 
film.  The  existence  of  the  induced  voltage  due  to  a  dc  magnetic  field  alone  (without 
microwave  radiation)  suggests  that  the  superconductivity-related  effect  is  more  suitable  for 
the  explanation  of  the  induced  voltages.  The  magnetic  field  induced  voltage  with  no 
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istance  versus  temperature  for  EB 1 1 3- 1  a. 
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Figure  4-8  I-V  characteristics  with  various  combinations  of  microwave  powers  and 
magnetic  fields  for  EBl  13-la  at  Tq  <  78  K  <  T^: 

(a)  P  =  0,  H  =  0;  (b)  P  =  0,  H  =  20.7  Oe;  (c)  P  =  30  mW,  H  =  0; 

(d)  P  =  30  mW,  H  =  20.7  Oe.  Zero-current  induced  voltages  are 
clearly  shown. 
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microwave  radiation  can  be  explained  as  a  reduction  of  the  critical  current  between  the 
superconducting  grains  with  the  application  of  a  magnetic  field.  Since  there  are  numerous 
junctions  in  the  film  with  a  wide  range  of  critical  current  values,  the  suppressions  of  the 
critical  current  will  increase  the  total  resistance  of  the  film  for  a  fixed  bias  current  which  is 
manifested  as  a  decrease  in  the  I-V  slope.  With  both  microwave  radiation  and  the 
magnetic  field  present,  the  induced  voltage  is  more  than  just  the  sum  of  the  induced 
voltages  by  the  microwave  (with  H  =  0)  and  by  the  magnetic  field  (with  P  =  0),  indicating 
the  existence  of  an  interaction  between  the  magnetic  field  and  the  microwave  radiation. 
One  plausible  explanation  is  that  the  magnetic  field  suppresses  the  critical  current  and  thus 
the  film  is  more  conducive  to  the  production  of  microwave  induced  voltages.  This  picture 
of  an  interaction  between  the  microwave  radiation  and  magnetic  fields  inside  the  film 
would  be  a  natural  consequence  of  Josephson-like  junctions  formed  between  the 
superconducting  grains.  The  microwave  induced  voltage  resulting  from  the  reverse  ac 
Josephson  effect  would  increase  in  size  in  the  presence  of  a  dc  magnetic  field  as  more 
junctions  with  lower  critical  currents  would  be  affected  by  the  microwave  radiation. 
Furthermore  the  existence  of  a  Josephson  effect  in  a  film  and  linear  I-V  traces  of  the  film 
are  not  necessarily  mutually  exclusive.  A  film  may  show  a  linear  I-V  characteristic  at 
temperatures  below  Tg  if  the  superconducting  grains  are  separated  by  normal  regions 
which  dominate  the  electrical  transport  properties  of  the  film,  thereby  resulting  in  a  finite 
sample  resistance. 

In  order  to  further  verify  that  the  imcrowave  induced  dc  voltages  are  associated  with 
superconductivity  and  not  due  to  some  rectification  or  other  non-superconducting 
property,  we  have  investigated  the  temperature  dependence  of  the  I-V  characteristics  with 
the  presence  of  microwave  radiation  and/or  dc  magnetic  fields.  Figures  4-9  through  4-12 
show  the  resistive  transitions  and  I-V  characteristics  for  film  EB54-lfb.  This  film  has  a 
metallic-like  normal-state  resistive  behavior  with  a  zero-resistance  at  about  70  K  and  an 
onset  at  92  K.  The  effect  of  the  microwave  radiation  on  the  I-V  characteristics  in  zero 
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magnetic  field  is  shown  for  three  distinct  temperatures  in  Fig.  4-10;  above  the  onset 
temperature  T  >  Tg,  in  the  transition  region  of  Tq  <  T  <  T^,  and  below  the  zero  resistance 
temperature  T  <  Tq.  Above  the  onset  temperature  (94  K  >  Tg),  no  microwave  induced 
voltage  is  detectable  in  the  linear  I-V  traces  within  the  sensitivity  of  these  measurements. 
However,  in  the  transition  region  (Tq  <  80  K  <  Tc),  5  mW  of  microwave  power  causes  an 
induced  dc  voltage  as  seen  by  the  decrease  in  the  slope  of  the  linear  I-V  trace  at  this 
temperature.  Below  the  zero  resistance  temperature  (68  K  <  Tq),  both  I-V  traces,  with 
and  without  microwave  radiation,  show  a  highly  non-linear  behavior.  While  the  P  =  0 
trace  shows  a  small  zero-voltage  current,  the  application  of  0.5  mW  microwave  power 
clearly  induces  a  dc  voltage  even  at  zero  bias  current  Thus  these  temperature-dependent 
I-V  curves  clearly  indicate  that  the  microwave  induced  voltages  are  associated  with  the 
superconductivity  in  these  films  and  probably  are  related  to  the  microwave  effects  due  to 
the  reverse  ac  Josephson  effect  arising  fixan  Josephson-like  junctions  between 
superconducting  grains. 

The  effect  of  only  the  dc  magnetic  field  (zero  microwave  power)  is  demonstrated  in 
Fig.  4- 1 1  in  the  transition  region  Tq  <  78  K  <  Tg  and  at  64  K  <  Tq.  Again  dc  voltages 
are  induced  by  the  presence  of  a  dc  magnetic  field-  The  decrease  in  the  slope  of  I-V  trace 
at  78  K  is  probably  due  to  a  decrease  in  the  junction  critical  currents  in  parts  of  the  sample 
below  the  bias  current  value,  thus  increasing  the  sample  resistance.  At  64  K  the  slow 
change  in  the  I-V  slope  indicates  there  are  numerous  junctions  continuously  making 
transitions  to  normal  states  as  the  current  is  increased  above  150  pA.  With  the  application 
of  the  magnetic  field,  the  transition  to  normal  states  occurs  more  readily  due  to  the 
magnetic  field  suppressed  critical  current. 

Figure  4-12  shows  the  combined  effect  of  both  microwave  radiation  and  dc  magnetic 
fields  at  two  temperatures:  Tq  <  78  K  <  Tg,  and  64  K  <  Tq.  At  78  K  there  is  a  zero- 
current  induced  voltage  with  5  mW  of  power  which  becomes  larger  with  30  mW  power 
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Figure  4-9  Resistance  versus  temperature  for  EB54-lfb.  The  insert  shows  an  expanded  resistive  transition  temperature 


T  =  78  K 
-  P  =  off 


EB54-lfb 


H  =  o 


4-11  I-V  characteristics  fw  EB54-lfb  at  Tq  >  78  K  >  Tg  and  64  K  <  Tq 
showing  induced  voltages.  (P  =  0.) 
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indicating  that  the  induced  voltage  depends  on  both  the  microwave  power  and  the  magnetic 
field.  At  64  K  the  reduction  of  the  sample  critical  current  is  greatly  enhanced  with  the 
application  of  microwave  radiation  over  just  that  from  the  magnetic  field  effect 

In  summary,  one  clearly  observes  induced  dc  voltages  due  to  microwave  radiation 
and/or  dc  magnetic  fields.  The  microwave  radiation  can  induce  voltages  even  with  zero 
bias  current  and  its  temperature  dependence  indicates  that  the  effect  is  related  to  the 
resistive  superconducting  transition. 

C .  MICROWAVE  INDUCED  VOLTAGE  IN  UNBIASED  LOW 
RESISTANCE  TfflN  FILMS 

In  order  to  further  investigate  the  nature  of  the  induced  voltage  due  to  microwave 
radiation  and  dc  magnetic  fields,  a  series  of  unbiased  measurements  are  performed  to 
study  its  dependence  on  the  temperature,  the  microwave  power,  and  the  magnetic  field.  In 
an  unbiased  film,  the  presence  of  microwave  radiation  induced  dc  voltages  would  be 
consistent  with  the  reverse  ac  Josephson  effect  which  have  a  number  of  unique  features 
different  from  classical  effects  such  as  a  rectification  or  a  heating  effect.  In  addition  the 
induced  voltage  dependence  on  the  dc  magnetic  field  will  virtually  eliminate  the  classical 
effects  as  explanations  for  the  induced  voltages.  This  section  discusses  the  experimental 
results  for  unbiased  films  EB54-lfb,  EB54-2b  (same  annealing  condition  and  resistance  as 
EB54-lfb),  and  EBl  13-la  which  all  have  the  normal-state  (at  100  K)  resistivity  on  the 
order  of  10"^  Q  cm. 

1.  POSITION  DEPENDENCE 

As  seen  in  Fig.  4- 12,  there  is  a  microwave  induced  voltage  developed  even  in  the 
absence  of  a  bias  current.  In  unbiased  microwave  induced  voltage  measurements,  the 
film's  current  leads  are  left  open  and  the  voltage  leads  are  connected  to  the  nanovoltmeter. 
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As  mentioned  in  Ch.  3,  the  sample  sits  inside  an  X-band  waveguide  with  a  movable  end 
conductor.  If  the  total  distance  from  the  end  to  the  sample  is  known,  one  can  deduce  the 
coupling  condition  of  the  film  to  the  microwave  standing  waves  near  the  end  of  the 
waveguide  from  the  boundary  condition  that  the  microwave  electric  field  must  be  a 
minimum  at  the  surface  of  the  end  conductor.  When  the  sample  is  immersed  in  liquid 
nitrogen,  the  effect  of  liquid  nitrogen  (n  =  1.2)  on  the  speed  of  the  electromagnetic  wave 
must  be  included  in  the  determination  of  the  wavelength  of  the  microwave  radiation.  For  a 
microwave  frequency  of  8.3  GHz,  the  effective  wavelength  in  liquid  nitrogen  is 
approximately  6.4  cm.  Thus  a  distance  of  4.8  cm  (=  (3/4)A'Ljq)  corresponds  to  a 
location  for  maximum  E^,  and  a  distance  of  6.4  cm(=  A'Ljq)  corresponds  to  a  location 
of  minimum  Ejf  (maximum  Bjf),  and  distances  of  5.6  cm  and  7.2  cm  (=  (7/8)A'Ljq 
=  (9/8)A'lj,j,  respectively)  correspond  to  locations  halfway  in  between  the  maxima  E^ 
and  Bjf .  One  should  note  that  the  measurement  of  the  distance  between  the  end 
conductor  and  the  center  section  of  the  "H”  contains  an  uncertainty  of  approximately 
0.2  cm. 

These  various  coupling  conditions  are  shown  in  Fig.  4-13  as  the  sample’s  distance 
from  the  end  conductor  is  varied.  The  nanovoltmeter  has  been  zeroed  with  both  zero 
microwave  power  and  magnetic  field.  The  top  two  plots  are  with  zero  magnetic  field 
whereas  the  bottom  trace  is  with  a  magnetic  field  present.  The  induced  voltage  is  clearly 
an  oscillatory  function  of  the  distance  from  the  end  conductor  thus  indicating  the 
magnitude  of  the  effect  depends  on  the  nature  of  the  coupling  between  the  film  and  the 
microwave  fields.  The  induced  voltage  is  largest  when  the  sample  is  approximately  5  cm 
from  the  end  which  is  near  the  maximum  E^  position.  Likewise,  the  induced  voltage  is 
minimum  when  the  sample  is  approximately  6.5  cm  which  is  near  the  minimum  E^ 
position.  Although  the  oscillatory  feature  does  not  exactly  match  a  standing  wave  pattern 
for  a  wavelength  A'ln  (note:  the  distance  between  a  maximum  peak  and  a  minimum 
peak  is  not  exactly  (l/4)A'Ljq),  this  is  probably  due  to  uncertainties  in  the  distance  from 


63 


the  end  and  the  finite  film  width.  Since  the  maximum  in  the  induced  voltage  is  near  a 
maximum  location,  rectification  arising  fix)m  the  electric  field  Ejf  cannot  be 
discounted  as  a  source  for  the  dc  induced  voltages  in  addition  to  the  reverse  ac  Josephson 
effect  Both  effects  will  yield  dc  voltages  with  an  ac  voltage  input  However  the  induced 
voltage  is  increased  with  the  application  of  a  magnetic  field  which  suggests  the  effect  is  not 
solely  caused  by  rectification  since  it  should  depend  linearly  on  power  and  not  on  magnetic 
field. 

To  investigate  the  power  dependence,  we  measured  the  induced  voltage  as  the 
microwave  power  is  monotonically  increased  at  different  film  locations  as  shown  in 
Fig.  4-14.  There  is  a  distinct  change  in  the  slope  of  these  traces  for  various  sample 
locations  with  the  smallest  slope  being  near  the  minimum  location  (A'ln).  It 
appears  that  when  a  film  is  positioned  near  the  maximum  in  E^,  the  dependence  on  the 
microwave  power  is  greater  with  a  larger,  nearly  linearly,  increasing  "background" 
induced  voltage.  Because  of  this  linear  power  dependence  and  the  dependence  upon  the 
sample  position  relative  to  maximum,  rectification  could  play  a  role  in  the 
development  of  the  induced  voltages.  To  ftarther  characteiize  the  nature  of  the  microwave 
induced  voltage,  a  temperature  dependence  measurement  was  performed. 

2 .  TEMPERATURE  DEPENDENCE 

If  the  induced  voltage  is  due  to  an  ordinary  rectification  then  the  effect  should  not  be 
correlated  to  temperature  of  the  sample.  On  the  other  hand  if  the  effect  is  related  to  the 
reverse  ac  Josephson  effect  which  arises  from  the  intergranular  junctions  between 
superconducting  regions,  then  the  effect  should  depend  on  temperature  and  disappear 
above  Tg.  In  Figure  4-15  the  microwave  induced  voltage  is  presented  as  a  function  of 
temperature  and  is  shown  along  with  the  resistance  on  the  same  horizontal  temperature 
axis  to  emphasize  that  the  effect  is  present  only  below  Tq.  Furthermore,  the  signal  below 
the  Tg  shows  both  polarities  and  is  power  dependent  The  temperature  dependence  can  be 
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Figure  4-13  Microwave  induced  dc  voltage  versus  sample  distance  from  the  end 

conductor  for  unbiased  EB54-lfb.  Maximum  induced  dc  voltage  occurs 

near  a  maximum  (near  3/4  A  ln  “ 

Tninimiim  induced  dc  voltage  occurs  near  a  mimmum  Fjf  (near 

A  ln  “  ^  guide  eyes. 
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Figure  4-14  Induced  dc  voltage  versus  microwave  power  at  various  sample  positions 
for  unbiased  EB54-lfb.  (H  =  0.)  The  trace  near  a  minimum  %  has 
the  least  amount  of  background  voltage.The  traces  are  vertically 
separated  for  clarity. 


66 


explained  in  terms  of  multiple  intergranular  Josephson-like  junctions  inside  the  film. 

Above  Tq,  the  grains  are  normal  and  therefore  there  is  no  Josephson  effect  present  As  the 
film  is  cooled,  the  grains  start  to  become  superconducting  and  weak  links  are  formed 
between  the  neighboring  grains  so  that  the  reverse  ac  Josephson  effect  can  originate.  At 
this  temperature,  the  intergranular  coupling  is  weak  and  relatively  few  junctions  are 
present  to  permit  the  development  of  large  induce  dc  voltages.  At  lower  temperatures,  the 
induced  voltages  increase  due  to  the  larger  number  of  junctions  present  Once  the  sample 
cools  below  Tq,  the  zero- voltage  current  becomes  larger  and  fewer  junctions  are  weak 
enough  in  order  to  participate  in  the  reverse  ac  Josephson  effect,  thus  the  induced  voltage 
decreases.  Therefore,  with  a  given  microwave  power,  the  induced  voltage  should  become 
smaller  as  the  temperature  decreases  below  Tq.  Alternatively,  larger  microwave  power  is 
required  to  develop  the  same  amount  of  induced  voltage  at  lower  temperatures.  Since  the 
grains  are  arranged  in  a  random  fashion,  thereby  forming  a  random  network  of  junctions 
with  different  critical  currents,  the  temperature  dependence  of  the  whole  film  should  yield 
a  random  result  which  is  manifested  as  an  induced  voltage  having  both  polarities,  without 
any  systematic  pattern  as  a  function  of  temperature.  In  summary,  the  temperature 
dependence  of  the  microwave  induced  voltage  is  strong  evidence  that  the  effect  is  related  to 
superconductivity  and  thus  virtually  eliminating  rectification  as  the  main  mechanism.  To 
further  show  the  principal  mecharusm  of  the  microwave  induced  voltage  is  related  to  the 
Josephson  effect,  a  series  of  the  magnetic  field  dependences  were  done. 

3 .  MAGNETIC  FIELD  DEPENDENCE 

The  classical  rectification  or  heating  effect  can  be  eliminated  as  the  primary 
mechanism  producing  the  microwave  induced  voltage  if  the  induced  dc  voltages  are  found 
to  be  dependent  on  dc  magnetic  fields.  The  extreme  sensitivity  of  superconducting 
properties  to  magnetic  fields  enables  us  to  distinguish  superconductivity  related  effects 
from  the  other  ones  with  a  high  degree  of  confidence.  The  induced  voltage  is  recorded  as 
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Figure  4-15  (a)  Resistance  versus  temperature  for  EB54-lfb;  (b)  Induced  dc 

voltage  versus  temperature  for  unbiased  EB54-lfb  (H  =  12  Oe) 
showing  the  effect  only  for  temperature  below  Tc-  The  P  =  20  mW  is 

shifted  by  -  30  pV  for  clarity.  Dashes  are  to  guide  eyes. 


the  magnetic  field  is  monotonically  increased  ftom  zero  on  films  EB54-lfb,  EBl  13-la, 
and  EB54-2b  as  shown  in  Figs.  4-16  to  4-22.  The  dependence  on  the  position  of  the 
sample,  the  microwave  power,  the  direction  of  the  sweep,  and  the  temperature  has  been 
investigated. 

The  induced  voltage  measured  as  the  magnetic  field  is  swept  from  zero  to 
approximately  21  Oe  with  10  mW  of  microwave  radiation  at  different  sample  locations 
relative  to  the  end  conductor  is  shown  in  Fig.  4-16.  The  induced  voltage  oscillates  as  the 
magnetic  field  is  swept  This  oscillatory  behavior  has  essentially  the  same  magnitude  and 
periods  as  the  sample  position  is  moved  from  a  minimum  Erf  location  (=  A'ln)  ^ 
maximum  Erf  location  (=  (3/4)A'ln)  with  a  small  variation  in  the  oscillation  indicating 
possible  Erf  dependence.  Since  the  microwave  power,  not  Erf,  is  an  experimentally 
measurable  parameter,  the  magnetic  field  sweeps  are  done  for  various  power  levels  as 
shown  in  Fig.  4-17.  The  zero-field  induced  voltage  can  be  readily  seen  along  the  vertical 
axis.  As  a  function  of  field,  the  induced  voltage  oscillates  with  both  polarities  about  the 
zero-field  induced  voltage  and  with  periods  on  the  order  of  1  to  10  Oe  and  is  sensitive  to 
the  microwave  power.  The  period  of  oscillation  in  the  magnetic  field  sweep  gives  an 
estimation  of  the  dimensions  of  the  Josephson-like  junctions  inside  the  film. 

In  a  tunnel  junction,  the  period  of  the  induced  voltage  is  roughly  related  to  the 
dimensions  of  a  junction  as  the  following  simple  argument  shows.  For  a  one-dimensional 
tunnel  junction  such  as  the  one  shown  in  Fig.  2-1  with  L«Aj,  the  maximum  Josephson 
current  depends  on  the  dc  magnetic  field  along  the  /-direction  as  given  by  Eq.  (2-11) 


/o(iy  =  4(0) 


sin  (^2) 


(2-11) 


where  Jq(0)  =  Jo^L  is  the  maximum  junction  current  and 
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Equation  (2-11)  indicates  that  there  is  a  suppression  of  the  junction  critical  current  by  the 
external  magnetic  field  every 


AH  = 


he 


2eU. 

Thus,  it  is  clear  that  the  induced  voltage 


should  oscillate  in  H  with  periodicity 


A  TT  _  he  _  4.1  X  lO'^Gcm^ 

~2eU-  Ld  (4-1) 

where  d  =  2  +  /  is  the  effective  thickness  of  the  junction.  Since  Ld  is  equal  to  the 

length  of  the  junction  times  the  effective  thickness,  Eq.  (4-1)  can  be  used  to  estimate  the 
dimensions  of  normal  regions  between  superconducting  grains  where  the  induced  voltage 
is  produced.  If  the  intergranular  region  is  considered  to  be  rectangular  in  shape  with  the 
dimensions  Ld,  then  Ld  is  on  the  order  of  10"^  - 10"^  cm^  for  EB54-lfb.  Since 
d=  2  +  i  and  Ajr^  for  Y 1  Ba2Cu307  is  on  the  order  of  10'5  cm,  d  can  be  estimated 

to  be  on  the  order  of  10*5  - 10  *4  cm  which  yields  a  value  for  L  to  be  on  the  order  of 
lO-'*  -  10-^  cm  This  value  is  smaller  than  Aj  »  10-1  cm.  Therefore,  the  intergranular 
regions  where  the  Josephson  effects  originate,  can  be  modeled  as  a  short  junction 
(L  «  Aj).  Furthermore,  this  estimate  implies  that  the  junction  size  is  much  larger  than 
the  typical  grain  size  between  0.05  pm  to  2  pm^^^'^1  as  determined  by  microscopy  studies 
on  thin  films  and  ceramic  samples  or  fiom  the  dimensions  of  the  stracture  seen  in  the  SEM 
photos  of  the  surfaces  of  EB48-lc.  (See  Fig.  3-6.)  Therefore,  it  can  be  assumed  that  the 
Josephson  effects  obsaved  by  the  oscillatory  noagnetic  field  dependence  arise  fiom 
junctions  which  are  larger  than  a  single  intergranular  region,  perhaps  where  a  group  of 
grains  are  separated  by  a  larger,  irregular-in  -shape,  normal  region  under  the  film  surface. 
Smaller  junctions  may  contribute  to  much  larger  oscillation  periods  which  may  be 
detectable  if  the  magnetic  field  sweep  was  extended  to  larger  fields. 

The  repeatability  of  the  field  sweep  is  shown  in  Fig.  4-18  at  various  power  levels.  It 
also  shows  the  sensitivity  of  the  measurement  to  be  about  50  nV  which  is  the  sensitivity  of 


70 


Keithley  180  nanovoltmeter.  It  appears  that,  at  a  given  field  value,  the  relation  between 
the  induced  voltage  and  the  microwave  power  is  not  simply  linear .  Although  a  detailed 
theory  regarding  the  field  dependence  of  an  unbiased  Josephson  junction  is  not  available, 
experimental  results  using  a  Pb-PbOPb  "bad"  tunnel  junction  were  reported  by  Chen,  et. 
al.^^®^^  and  are  shown  in  Fig.  4-19.  The  junction  was  classified  as  "bad"  because  there 
was  no  quasiparticle  current  and  the  zero-voltage  dc  current  could  not  be  completely 
suppressed  to  zero  by  a  dc  magnetic  field.  This  "bad"  junction  characterization  would 
appear  to  be  a  suitable  description  for  our  granular  YBaCuO  films  as  they  also  have  these 
properties.  The  induced  voltage  for  the  "bad"  Pb-PbO-Pb  junction  is  oscillatory  as  a 
function  of  the  magnetic  field  (H  <  0.3  kG)  with  both  polarities  which  is  qualitatively 
similar  to  the  YBaCuO  film  result  This  similarity  in  the  dc  magnetic  field  dependence 
suggests  that  the  Josephson  effect  is  the  main  mechanism  for  the  induced  voltages. 

To  further  support  a  model  of  granular  films  connected  by  Josephson-like  junctions, 
one  needs  to  check  the  temperature  dependence  of  the  magnetic  field  sweep  to  correlate  the 
effect  to  the  superconducting  transition.  To  investigate  the  temperature  dependence  of  the 
field  sweep,  EB54-2b  (which  has  the  same  annealing  and  evaporation  condition  as 
EB54-lfb  and  shows  very  similar  resistance  behavior)  was  warmed  slowly  from  64.5  K 
while  the  field  sweeps  are  traced  as  shown  in  Fig.  4-20.  The  traces  show  the  induced 
voltage  to  be  sensitive  to  the  teiiq)erature  change  and  the  magnitude  of  the  induced  voltage 
gets  smaller  at  higher  tenq)eratuies.  The  sweeps  are  done  with  a  constant  microwave 
power  at  a  fixed  sample  position  and  in  liquid  nitrogen.  Therefore,  the  variation  in  the 
behaviOT  of  the  induced  voltage  as  the  temperature  changes  is  due  to  the  temperature 
dependence  of  the  junctions  involved.  It  is  impossible  to  explain  explicitly  how  the 
magnetic  field  dependence  is  related  to  the  temperature  without  knowing  the  details  of  the 
junction  geometry  and  the  material  of  the  junction.  However,  one  can  qualitatively  see  that 
the  junction  characteristics  which  determine  the  intergranular  couplings  are  temperature 
dependent,  thus  leading  to  the  sensitive  temperature  dependence  of  the  field  sweep. 
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For  temperatures  above  the  the  superconducting  behavior  disappears  and  thus  the 
induced  voltage  should  also  disappear.  Figure  4-21  shows  the  induced  voltage  as  the 
magnetic  field  is  swept  in  two  opposite  directions  for  EBl  13-la,  a  film  with  a  similar 
resistance  characteristic  as  EB54-lfb.  For  this  film,  complete  oscillations  with  respect  to 
the  field  are  absent  for  the  conditions  shown.  When  the  magnetic  field  direction  is 
reversed,  the  induced  voltage  reverses  its  polarity  as  shown  by  traces  marked  with  H+  and 
H.  for  oppositely  directed  fields.  Also,  the  induced  voltage  is  strongly  correlated  to  the 
resistive  transition  (Fig.  4-7)  as  can  be  seen  by  the  disappearance  of  the  induced  voltage  at 
90  K.  Another  measurement  of  the  temperature  dependence  effect  is  shown  in  Fig.  4-22 
where  a  slowly,  modulated  (14  Hz)  magnetic  field  is  used  along  with  the  microwave 
radiation  to  induce  dc  voltages  as  the  temperature  is  varied.  One  notes  that  the  induced 
voltage  is  present  only  at  the  temperatures  close  to  Tq  and  is  not  detectable  above  T^. 

In  summary,  the  induced  voltage  which  shows  an  oscillatory  behavior  with  both 
polarities  as  a  function  of  a  dc  magnetic  field  eliminates  classical  rectification  as  the 
primary  mechanism  responsible  for  the  microwave  induced  voltage.  The  temperature 
dependence  of  the  induced  voltage  which  shows  the  absence  of  the  effect  above  seem 

to  relate  the  induced  voltage  effect  to  the  superconducting  behavior  of  the  grains  in  the 
films,  in  particular,  to  the  Josephson  effect  arising  from  the  intergranular  coupling  of  these 
Josephson-like  junctions. 
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Figure  4-16  Induced  dc  voltage  versus  dc  magnetic  field  at  various  sample  positions 
relative  to  the  end  conductor  for  unbiased  EB54-lfb.  (P  =  10  mW.) 
The  traces  are  vertically  separated  for  clarity. 
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(a)  0-0.3  kG;  (b)  0.3-0.6  kG;  (c)  0.6-0.9  kG 

Figure  4- 19  Induced  dc  voltage  versus  dc  magnetic  field  in  unbiased  "bad"  Pb-PbO- 
Pb  tunnel  junction.  (P  =  0.3  mW,  f  =  10  GHz.)  [from  Chen,  et.  al., 
Phys.  Rev.  B.  5,  1843  (1972)] 


Figure  4-2 1  Induced  dc  voltage  versus  dc  magnetic  field  in  both  directions  for 

unbiased  EB 1 1 3- la  at  several  temperatures  below  T c-  The  induced  dc 

voltage  reverses  the  polarities  upon  the  reversal  of  the  magnetic  field 
directions. 
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Figure  4-22  (a)  Resistance  versus  temperature  for  EB54-2b. 

(b)  Induced  dc  voltage  versus  temperature  for  unbiased  EB54-2b  by 
modulated  magnetic  field.  (Hjjjod  =  63  mOe,  fmod  =  14  Hz.) 
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4 .  POWER  DEPENDENCE 

The  induced  voltage  measurement  as  a  function  of  microwave  power  should  provide 
additional  information  as  to  the  nature  of  the  Josephson  effect  in  these  films  since  it  is 
known  that  microwaves  can  induce  dc  voltages  across  Josephson  junctions.  In  Fig.  4-23, 
the  microwave  power  is  increased  monotonically  as  the  induced  voltage  is  measured  at 
various  sample  positions  relative  to  the  end  conductor  for  H  =  12  Oe.  As  was  the  case  for 
the  H  =  0,  the  power  sweep  with  the  sample  position  near  a  minimum  Erf  has 
the  least  amount  of  background  voltage  developing  as  the  power  increases.  In  all  traces, 
the  main  feature  of  the  oscillations  remains  superimposed  on  a  background  voltage  as 
shown  in  Fig.  4-14  with  H  =  0.  The  induced  voltage  is  oscillatory  with  both  polarities  if  a 
linear  background  voltage  is  subtracted  and  the  oscillation  gets  larger  as  the  power 
increases.  The  oscillatory  behavior  is  definitely  not  due  to  classical  effects  such  as 
rectification  or  heating  as  one  would  expect  only  a  single  voltage  polarity.  However  the 
"linear"  background  voltage  is  probably  unrelated  to  superconductivity,  periiaps 
rectification  or  heating  of  the  sample  could  result  in  this  voltage. 

The  temperature  dependence  of  the  power  sweep  with  the  sample  near  the  Erf 
minimum  location  is  shown  in  Figs.  4-24  and  4-25  for  63.5  K  <  T  <  94.2  K.  The 
oscillations  remain  over  a  wide  range  of  temperature  which  essentially  vanish  at  the 
highest  temperature.  The  magnitude  of  these  osciUaticMis  is  related  to  temperature 
dependence  of  the  superconducting  grains.  As  the  temperature  decreases,  more 
superconducting  grains  form,  thus  more  Josephson-like  junctions  between  the  grains 
result  This  changes  the  Josephson  junction  network  arrangement,  resulting  in  changes  of 
the  oscillatory  behavior  as  the  temperature  is  varied  and  in  an  increase  in  the  amplitude  of 
the  oscillations.  This  temperature  dependence  is  consistent  with  the  presence  of 
superconductivity  and  probably  due  to  Josephson  effect  from  the  intergranular  junctions. 

The  power  sweep  with  field  dependency  is  shown  in  Fig.  4-26  with  the  sample  near 
the  minimum  Ejf  location  to  minimize  the  background  induced  voltage.  The  oscillations 
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Figure  4-23  Induced  dc  voltage  versus  microwave  power  for  unbiased  EB54-lfb  at 
various  sample  positions  relative  to  the  end  conductor.  (H  =  12  Oe.) 
The  traces  are  vertically  separated  for  clarity. 


1 1 1 1  f  1 1  M  m  1  ttTi  ^ 
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Figure  4-25  Induced  dc  voluge  versus  microwave  power  for  unbiased  EB54-lfb  at  several  different  temperatures  in  gaseous 
nitrogen.  (H  =  12  Oe.) 
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remain  basically  the  same  except  that  the  periods  of  oscillation  becomes  smaller  as  the 
fields  increase.  The  oscillatory  behavior  is  consistent  with  results  for  a  short  tunnel 
junction  as  discussed  in  Ch.  2.  An  unbiased  short  Josephson  junction  was  shown  to 
develop  dc  voltages  by  a  microwave  radiation  according  to  Eq.  (2-23)  as 


Rloh 


(2-23) 


where  R  is  the  resistance  of  the  junction.  Clearly,  one  sees  that  the  induced  dc  voltage 
can  be  oscillatory  with  both  polarities  as  a  function  of  microwave  voltage  vdue  to  the 
nature  of  the  Bessel  function  The  junction  critical  current  depends  on  the  dc 

magnetic  field  and  thereby  explains  the  field  dependence.  In  addition,  the  phase  constant 
may  depend  on  the  microwave  power  and/or  magnetic  field  thus  providing  an 
additional  source  of  oscillation.  In  granular  films,  the  total  induced  voltage  would  equal 
the  sum  of  the  individual  junction  voltages  and  thus  would  be  dependent  upon  the  number 
of  junctions  giving  rise  to  an  induced  voltages.  One  would  further  suspect  that  the  number 
of  junctions  would  also  be  field  dependent 

When  the  magnetic  field  direction  is  reversed,  the  induced  voltage  also  changes  its 
sign  as  shown  in  Fig.  4-27  for  two  sample  positions  -  near  minimum  E^f  and  near 
maximum  ,  The  main  features  remain  the  same  except  for  the  larger  linear 
background  voltage  which  is  present  fw  the  sample  near  the  maximum  location.  This 
voltage  polarity  reversal  with  field  direction  is  also  shown  by  another  set  of  power  sweeps 
with  three  field  values  in  Fig.  4-28  for  EB113-la.  These  measurements  were  done  with 
the  sample  near  the  maximum  position  in  all  cases.  This  can  be  compared  with  Fig. 
4-29  which  is  basically  the  same  measurement  except  that  the  sample  is  located  between 
maximum  and  maximum  Bjf  positions.  The  induced  voltages  basically  consists  of 
the  oscillatory  behavior  superimposed  on  top  of  the  background  voltage  shown  as  a 
dashed  line  in  the  figure. 

These  microwave  induced  voltage  characteristics,  which  include  oscillations  with 
both  polarities  and  the  reversal  of  the  sign  upon  the  change  in  the  field  direction,  suggest 
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Figure  4-28  Induced  dc  voltage  versus  microwave  power  for  unbiased  EB 1 1 3- 1  a 
with  three  different  dc  magnetic  fields,  with  both  magnetic  field 
directions.  (Sample  near  maximum  E^f.) 


Figure  4-29  Induced  dc  voltage  versus  microwave  power  for  unbiased  EB 1 1 3- 1  a 
with  three  different  dc  magnetic  fields,  with  both  ma^etic  field 
directions.  (Sample  between  maximum  ^  and  maximum  Bjf.) 
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that  the  oscillations  are  caused  by  a  mechanism  which  is  distinct  from  the  background 
voltage,  and  virtually  eliminates  the  usual  classical  effects  such  as  rectification  or  heating 
as  the  main  mechanism  for  the  induced  voltage.  More  likely,  the  reverse  ac  Josephson 
effect  should  be  considered  as  the  qualitative  explanation  for  the  oscillatory  behavior  of  the 
induced  voltage.  These  features  are  also  similar  to  the  results  seen  in  single  tunnel 
junctions  made  up  of  conventional  metal  superconductor-oxide- superconductor  as  first 
reported  by  Langenberg,  et.  al.^ 

D.  MICROWAVE  INDUCED  VOLTAGE  IN  UNBIASED  HIGH 

RESISTANCE  THIN  FILM 

The  resistance  versus  temperature  plot  of  a  high  resistance  film  EB61-1  is  shown  in 
Fig.  4-30.  EB61-1  was  prepared  under  the  same  evaporation  conditions  as  EB54-lfb  but 
with  different  annealing  condition  which  included  moist  oxygen  flow  at  875°C  instead  of 
at  550°C  and  quenched  at  tiOO^C  instead  of  a  dwell  at  550®C.  This  difference  in  annealing 
conditions  probably  caused  EB61-1  to  end  up  with  a  normal-state  resistivity  (at  100  K)  an 
order  of  magnitude  larger  than  that  of  the  low  resistance  samples  (EB54-lfb  and  EBl  13- 
la).  The  resistance  vs.  temperature  is  clearly  different  in  behavior  to  that  of  the  low 
resistance  samples  (Figs.  4- Id,  2, 7, 9,  and  22).  The  normal-state  resistance  of  EB61-1 
increases  as  the  temperature  decreases  and  the  resistive  transition  extends  down  to  4  K 
without  achieving  zero  resistance.  There  is  also  a  difference  in  the  microwave 
measurements  of  the  induced  voltage  as  the  magnetic  field  is  swept.  Figures  4-31  and 
4-32  show  that  the  size  of  the  induced  voltage  is  on  the  order  of  1(X)  pV  compared  to  a 
few  |iV  for  film  EB54-lfb.  The  larger  induced  voltages  is  probably  due  to  the  increased 
resistance  of  the  intergranular  material  and,  as  indicated  by  Eq.  (2-23),  a  larger  junction 
resistance  should  result  in  larger  induced  dc  voltages.  This  interpretation  is  also  consistent 
with  the  magiutude  of  the  normal-state  resistance  being  larger  and  the  superconducting 
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Figure  4-31  Induced  dc  voltage  versus  dc  magnetic  field  for  unbiased  EB61-1  with  two  different  microwave  powers. 
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Figure  4-32  Induced  dc  voltage  versus  dc  magnetic  field  for  unbiased  EB61- 1  with 
both  magnetic  field  directions. 
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transition  being  very  broad  over  temperature  due  to  the  decrease  in  the  intergranular 
coupling.  The  induced  voltages  as  a  function  of  magnetic  field  indicate  two  oscillatory 
behaviors,  one  with  a  period  on  the  order  of  0. 1  Oe  and  the  Other  on  the  order  of  several 
Oe.  This  would  appear  to  indicate  that  the  film  junction  stmcture  may  be  composed  of  two 
types  of  geometric  shapes.  In  addition,  the  induced  voltage  shows  a  similar  voltage 
polarity  reversal  with  respect  to  the  magnetic  field  direction  as  the  other  films.  Overall, 
high-resistance  and  low-resistance  YBaCuO  films  have  similar  microwave  induced  voltage 
characteristics  except  for  the  magnitude  of  the  induced  voltages 

E.  MICROWAVE  INDUCED  VOLTAGE  IN  Tl-Ba-Ca-Cu-0  THIN  FILM 


Sample  626  was  prepared  at  the  Superconducting  Materials  Laboratories,  Industrial 
Technology  Research  Institute,  Taiwan,  R.  O.  C.  A  brief  description  of  the  preparation 
procedures  as  outlined  by  Lin,  et.  al.^^^^^  are  given  here.  A  Tl-Ba-Ca-Cu-O  thin  film 
consisting  of  a  mixture  of  2223, 2212,  and  1212  phases  was  prepared  by  reacting  an 
amorphous  Ba-Ca-Cu-O  (BCCO)  film  with  the  vapor  of  a  TBCCO  bulk  sample  inside  Au 
foil  crucible  which  was  heated  at  9(X)°C  for  3  minutes  in  flowing  oxygen  followed  by 
furnace  cooling.  The  BCCO  film  was  grown  by  a  rf  noagnetron  sputtering  process  in 
3  mtorr  Ar  gas  onto  a  (l(X))-oriented  MgO  substrate.  The  6-inch  diameter  target  was  a 
paste  of  BaC03,  CaC03,  CuO,  and  organic  binder  on  a  stainless  steel  plate,  baked  at 
4(X)°C  for  2  hours  in  air.  The  chemical  composition  of  the  BCCO  film  as  determined  by 
inductively  coupled  plasma  spectroscopy  was  BaiCa2.5Cui  ,70x.  Its  thickness  was 
between  1  and  2  pm.  The  TBCCO  bulk  material  were  prepared  by  a  solid  state  reaction  of 
powders  of  TI2O3  and  a  Ba-Ca-Cu-0  precursor.  The  TBCCO  pellets  were  sintered  in  Au 
foils  at  920°C  for  20  minutes  in  flowing  oxygen  followed  by  furnace  cooling. 

The  resistive  transition  of  film  626  with  a  Tg  of  approximately  120  K  is  shown  in 
Fig.  4-33.  The  normal-state  resistance  increases  as  the  temperature  decreases  and  the 
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resistive  transition  extends  down  to  below  65  K  without  achieving  zero  resistance.  This 
behavior  indicates  that  the  electrical  transport  properties  are  dominated  by  an  intergranular 
material  with  a  high  resistivity  (-  10^  Q  cm  at  120  K).  The  wide  superconducting 
transition  is  also  due  to  the  granular  nature  of  this  film  as  the  intergranular  resistance  wiU 
be  larger  and  correspondingly  smaller  critical  currents  between  the  superconducting 
grains.  Thus  it  is  not  sinprising  that  a  zero  resistance  across  the  film  is  not  found  above 
65  K. 

Figure  4-34  shows  the  I-V  characteristics  at  82.7  K  with  and  without  microwave 
power.  With  microwave  power  incident  on  the  film,  one  notes  that  there  is  an  induced  dc 
voltage  even  at  zero-currenL  The  microwave  induced  voltage  with  H=  0  can  be  the  result 
of  several  similar  mechanisms  as  described  in  our  study  on  the  YBaCuO  films.  These 
include  a  rectification  of  the  ac  voltage  at  the  film's  grain  boundaries,  heating  of  the  films 
by  the  microwave  radiation,  or  a  Josephson  effect  related  to  the  superconducting 
properties  of  the  grains  in  the  film.  The  dependence  of  the  naicrowave  induced  voltage 
upon  dc  magnetic  field  in  an  unbiased  film  as  shown  in  Figs.  4-35  through  4-38  suggest 
that  the  effect  is  not  caused  by  classical  effects  alone  and  the  temperature  dependence 
shown  in  Fig.  4-39  suggest  that  the  effect  is  related  to  superconductivity.  Figure  4-35 
shows  the  induced  voltage  characteristics  as  the  magnetic  field  is  swept  at  78  K  <  Tq.  The 
induced  voltages  with  zero  field  and  zero  bias  resemble  the  induced  voltages  arising  from 
the  reverse  ac  Josephson  effect  The  oscillations  with  respect  to  the  field  virtually  rule  out 
rectification  and  heating  as  the  main  mechanism.  Figure  4-36  shows  details  of  the  low- 
field  results  which  consist  of  a  smaller  oscillation  as  well  as  a  larger  oscillation.  The 
superposition  of  the  two  oscillations  are  more  clearly  seen  in  Fig.  4-37  along  with  the 
reversal  of  polarities  as  the  magnetic  field  direction  is  changed.  Figure  4-38  shows  a 
similar  plot  with  higher  microwave  power.  Note  that  the  amplitude  of  microwave  induced 
voltage  is  on  the  order  of  10  to  100  pV  which  is  approximately  the  same  as  that  of  the  high 
resistance  YBaCuO  thin  film  (EB61-1).  The  microwave  induced  voltage  exists  only  for 
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T  <  1 16  K  as  shown  in  Figs.  4-39  and  4-40.  In  Fig.  4-40  the  microwave  induced  voltage 
is  traced  as  a  function  of  temperature  with  a  modulated  (fmod  =  14. 1  Hz)  magnetic  field. 

It  is  clear  that  the  effect  is  present  only  below  1 10  K.  The  correlation  with  of  the 
sample  suggest  that  the  induced  voltage  is  directly  related  to  superconductivity.  Thus  the 
similarity  of  the  induced  voltages  in  this  TlBaCaCuO  film  to  the  YBaCuO  films  indicate 
that  the  Josephson  effect  is  the  mechanism  responsible  for  the  induced  voltage  in  this  film 
as  well. 

The  induced  voltage  measurement  as  a  function  of  microwave  power  should  provide 
additional  information  as  to  the  nature  of  the  Josephson  effect  in  the  films  since  it  is 
known  that  microwaves  can  induce  dc  voltages  across  Josephson  junctions.  In  Figs.  4-41 
and  4-42,  the  microwave  power  is  increased  monotonically  for  various  magnetic  fields. 
Figure  4-41  shows  the  induced  voltage  has  both  polarities  and  depends  on  the  strength  of 
the  magnetic  field.  Figure  4-42  shows  the  induced  voltage  for  three  different  power 
ranges  along  the  horizontal  axis.  This  clearly  shows  different  periods  of  the  oscillations. 
The  oscillatory  behavior  is  definitely  not  due  to  classical  effects  such  as  rectification  or 
heating  as  one  would  expect  only  a  single  voltage  polarity  but  is  consistent  with  the  results 
for  a  short  tunnel  junction  as  discussed  in  Ch.  2. 

In  summary  the  microwave  induced  voltage  in  unbiased  TlBaCaCuO  film  was 
shown  to  depend  on  magnetic  field,  microwave  power,  and  temperature.  The  oscillatory 
nature  of  magnetic  field  and  microwave  power  dependence  along  with  the  reversal  of  the 
polarities  with  the  change  in  magnetic  field  direction  eliminate  classical  mechanisms  such 
as  rectification  and  heating  as  being  the  main  mechanism,  but  suggest  that  the  effect 
originates  in  intergranular  Josephson-like  junctions.  The  Josephson  effect  is  further 
supported  with  temperature  dependence  of  the  microwave  induced  voltage. 
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Figure  4-35  Induced  dc  voltage  versus  dc  magnetic  field  for  unbiased  626  with 
two  microwave  powers. 
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Figure  4-36  Induced  dc  voltage  versus  dc  magnetic  field  for  unbiased  626  with 
two  microwave  powers. 
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Figure  4-37  Induced  dc  voltage  versus  dc  magnetic  field  for  unbiased  626  wiA 

both  magnetic  field  directions.  The  traces  are  verticaUy  separated  for 
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Figure  4-39  Induced  dc  voltage  versus  dc  magnetic  field  for  unbiased  626  at 
several  temperatures  below  T^. 
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Figure  4-40  Induced  dc  voltage  by  modulated  magnetic  fields  versus  temperature 
for  unbiased  626  with  three  sets  of  modulation  amplitudes  and 
microwave  powers. 


F .  COMPARISON  WITH  THE  TUNNEL  JUNCTION  RESULTS 


The  dependence  of  the  microwave  induced  dc  voltage  upon  the  microwave  power 
and  the  external  dc  magnetic  field  in  the  oxide  thin  films  can  be  qualitatively  compared  to 
the  electrodynamic  responses  of  a  single  Josephson  tunnel  junction  mentioned  in  Ch.  2. 
The  junction  can  be  considered  as  a  combination  of  an  ideal  Josephson  current  source  and 
a  resistor  R.  Thus,  the  externally  biased  current  sent  into  the  junction  divides  itself  into 
two  circuit  elements,  ignoring  the  capacitance,  as  shown  in  Fig.  2-3  and  the  following 
equation  can  be  written 

J^jjj  =  /+isinwr=/2  + Jr  (4-1) 

where  /  is  the  dc  current  and  i  is  the  ac  current. 

=  (4-la) 

is  the  current  in  the  z-direction  due  to  an  ideal  Josephson  current  source  and 

R  (4-lb) 

is  the  current  through  the  resistor.  The  voltage  across  the  junction  is  given  by 

Vt)  =  Vq  +  V  cos  ((Ot+  P)  (4-2) 

where  Vq  is  the  dc  voltage,  v  the  ac  voltage,  a  the  microwave  fi-equency,  and  P  the 
phase  angle  between  the  ac  voltage  and  the  ac  current 

In  the  presence  of  an  external  magnetic  field  Hy,  parallel  to  the  plane  of  the 
junction,  the  phase  difference  across  the  junction  becomes 


106 


k  =  ^Hy 

fic  y 


(2-9) 


and  00  is  a  constant.  After  the  integration  of  Eq.  (4- la)  and  expanding  into  a  Fourier- 
Bessel  series,  Eq.  (4-1)  becomes 


1+  isinwt  =  ^ Vo+ V  cos( wt  -Hj 


nco  + 


lev. 


ft 


t+<l>n 


where  is  the  n-th  order  Bessel  function,  0^  =  ^o  * 

sin 

4  (^  =  4(0) 

(^2)  . 

Eq.  (4-4)  has  a  dc  component  given  by 

/=^-h4(ld(-l)X(^)sm(0J 


(4-4) 


(2-11) 


(4-5) 


when 


2eVo  =  n^(o 

The  dc  voltage  across  an  unbiased  junction  ( J=  0)  as  a  function  of  k,  v,  and  0^  can  be 
written  as 


sin  (^2) 
(^2) 


(4-6) 


Note  that  in  Eq.  (4-6),  the  induced  voltage  is  oscillatory  as  a  function  of  the 
microwave  raxliation  voltage  v  from  the  oscillatory  behavior  of  Bessel  function.  The  dc 
voltage  also  shows  both  polarities  since  the  Bessel  function  can  have  both  positive  and 
negative  values.  The  induced  voltage  can  be  seen  to  oscillate  as  a  function  of  magnetic 
fields  from  the  behavior  of  sin(x)/x  term.  Another  magnetic  field  dependent  term  in  thin 
films  is  a  term  associated  with  the  number  of  junctions  that  give  rise  to  the  total  induced 
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voltage.  For  a  network  of  Josephson  junctions,  the  induced  voltage  across  the  network  is 
a  sum  of  the  induced  voltage  across  the  i-th  junction  assuming  the  junctions  are 
independent  of  one  another.  Thus  the  total  induced  voltage  would  be  related  to  the  number 
of  junctions  which  have  their  critical  current  reduced  by  H  so  that  the  microwaves  can 
produce  the  dc  voltage.  In  addition,  there  will  be  additional  junctions  that  will  have  zero 
critical  current  for  this  particular  H  value  and  thus  will  produce  a  normal-state-like  I-V 
trace.  The  reversal  of  the  induced  voltage  polarity  associated  the  change  in  the  magnetic 
field  direction  is  not  as  clear.  We  need  to  assume  that  the  sign  of  the  induced  voltage  can 
change  when  the  direction  of  the  magnetic  field  reverses  with  an  appropriate  value  of  <!>„. 

Although  the  geometry  of  Josephson  junction  network  inside  the  films  are  not 
known,  thereby  preventing  analytical  modeling,  qualitative  comparison  of  the  microwave 
induced  voltage  in  thin  films  and  tunnel  junction  show  similar  characteristics,  distinctly 
different  from  classical  effects  such  as  rectification  and  heating.  Therefore,  it  is  concluded 
that  the  key  features  of  the  induced  voltage  in  oxide  thin  films  are  consistent  with  an  effect 
in  tunnel  junction  modeled  as  a  resistively  shunted  Josephson  junction. 

G .  MICROWAVE  INDUCED  VOLTAGE  IN  DC  BIASED  THIN  FILMS 

In  this  section,  the  induced  voltage  originating  from  the  Josephson  effect  will  be 
explicitly  separated  fi’om  the  microwave  heating  effect,  the  so-called  bolometric  effect, 
where  the  film's  resistance  increases  by  a  simple  heating  of  the  sample.  Figure  4-43 
shows  the  voltages  developed  in  EB 1 19-b  with  and  without  microwave  power  present 
when  the  sample's  position  is  near  the  location  of  the  maximum  J^.  The  sample  is  first 
cooled  in  the  absence  of  a  dc  bias  current  and  microwave  fields  down  to  64  K. 
Measurements  are  then  made  as  the  temperature  of  the  liquid  nitrogen  bath  naturally 
increases  at  a  rate  of  approximately  1  K/h.  As  the  liquid  nitrogen  boils  away,  the  sample 
becomes  exposed  to  the  nitrogen  gas  above  the  liquid  level  and  further  warming  is  done 
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radiatively  to  100  K.  At  selected  temperatures,  I-V  measurements  are  made  at  various 
microwave  power  levels  and  the  microwave-induced  voltages  are  correspondingly 
determined  from  these  I-V  curves.  Typical  I-V  traces  at  78  K  are  shown  in  Fig.  4-44.  All 
I-V  curves  are  linear  up  to  8  pA  for  temperatures  above  66  K.  Below  90  K,  one  notes  in 
Fig.  4-43  that  there  is  an  increase  in  the  resistance  with  increasing  power.  The 
numerically  determined  dV/dT  is  then  compared  to  the  change  in  resistance  AV  for  30  mW 
microwave  radiation  in  Fig.  4-45.  For  temperatures  higher  than  78  K,  these  two 
quantities  are  linearly  proportional,  i.e.,  AV  =  (dV/dT)AT  with  AT  =  1.2  K.  This 
indicates  that  the  voltage  response  due  to  the  microwave  radiation  arises  primarily  from  a 
bolometric  effect  which  increases  the  film's  resistance  by  a  simple  heating  of  the  sample. 
However,  for  temperatures  less  than  78  K,  AV  and  dV/dT  are  not  simply  related  by  a 
multiplicative  constant.  Thus  the  large  change  in  the  dc  voltage  below  78  K  is  not  due 
solely  to  the  bolometric  effect  In  addition,  since  the  sample  is  immersed  in  liquid  nitrogen 
below  78  K,  any  heating  of  the  film  by  the  microwave  radiation  should  be  dissipated  more 
efficiently  in  the  presence  of  the  liquid  than  in  a  gas  and  therefore  should  result  in  the 
suppression  of  any  expected  voltage  change  due  to  heating.  Other  experimental  evidence 
supporting  the  nonbolometric  effect  conclusion  is  the  power  dependence  upon  AV  which 
is  shown  in  Fig.  4-46  for  microwave  power  levels  extending  over  two  orders  of 
magnitude  (0.3  -  30  mW).  Between  80  and  90  K,  AV  is  linearly  proportional  to  the 
power  (AV  power)  which  is  indicative  of  the  bolometric  effect.  However,  for 
temperature  below  78  K,  AV  appears  to  be  nearly  proportional  to  the  logarithm  of  the 
microwave  power  [AV  «>=  log(power)],  which  is  inconsistent  with  a  bolometric  effect 
Similar  sets  of  results  for  EB61-1  are  shown  in  Figs.  4-47  and  4-48  with 
measurements  done  to  temperature  as  low  as  4  K,  thus  eliminating  complications  with  two 
medium  (liquid  and  gaseous  nitrogen)  surrounding  the  sample  at  different  temperature 
regimes.  Figure  4-48  shows  that  for  T  <  50  K,  AV  is  linearly  proportional  to  the 
logarithm  of  the  microwave  power  similar  to  the  results  shown  in  Fig.  4-46. 
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Also,  AV  and  dR/dT  are  not  simply  related  by  a  multiplicative  constant.  Therefore,  the 
large  induced  voltage  below  60  K  is  not  due  solely  to  the  bolometric  effect  and  is  assumed 
to  be  caused  by  a  similar  mechanism  as  the  effect  observed  with  EB119-b. 

One  plausible  explanation  for  the  observed  nonbolometric  effect  is  that  the  voltage  is 
a  result  of  vortex  motion  arising  from  Josephson  effects  in  the  boundary  regions  of  the 
granular  films.  It  is  well  established  that  a  variety  of  electromagnetic  responses  and  modes 
can  exist  in  conventional  long  Josephson  junctions  due  to  the  spatial  and  temporal 
variations  in  the  current  density  through  the  junction.  In  the  absence  of  an  external 
magnetic  field,  temporal  variations  in  the  phase  0  arising  from  the  microwave  field  permit 
the  formation  of  current  vortices  in  the  junction  that  can  be  driven  by  various  sources 
including  the  external  current  The  external  dc  bias  current  flowing  through  the  junction 
produces  a  Lorentz  force  on  the  vortex  and  drives  it  across  the  junction.  As  the  vortex 
moves  across  the  junction,  it  produces  a  voltage  pulse  with  a  magnimde  that  is 
proportional  to  the  speed  of  the  vortex  and  the  gradient  of  the  phase.  Since  numerous 
junctions  exist  in  these  granular  films  and  several  vortices  which  simultaneously 
experience  the  Lorentz  force  may  be  present  in  a  single  junction,  the  measured  voltage  can 
be  several  orders  of  magnitude  larger  than  the  voltage  determined  from  the  motion  of  an 
individual  vortex.  One  of  the  requirements  to  observe  a  dynanoic  vortex  state  is  that  the 
bias  current  exceed  the  zero-voltage  critical  current  of  a  junction.  Consequently  the 
temperature  dependence  of  the  observed  induced  dc  voltage  would  reflect  the  number  of 
junctions  whose  critical  currents  are  less  than  the  bias  current.  The  number  of 
superconducting  junctions  would  increase  as  the  temperature  is  decreased  through  the 
resistive  transition  region;  and  since  their  critical  currents  are  quite  small  as  these  junctions 
just  become  superconducting,  they  naturally  satisfy  the  dynamic  state  requirement  of  being 
less  than  the  bias  current  Further  decrease  in  temperature  is  accompanied  by  an  increase 
in  the  critical  currents  of  these  junctions  and  correspondingly  a  reduction  in  the  number  of 
junctions  in  the  dynamic  vortex  state  when  the  critical  currents  exceed  the  bias  current. 
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An  increase  in  either  the  bias  current  or  the  microwave  power  should  extend  the 
temperature  range  for  the  dynamic  state  to  lower  temperatures  as  observed  in  Figs.  4-46 
and  4-48.  This  model  of  vortex  motion  in  the  Josephson  junction  regions  predicts  a 
similar  induced-voltage  behavior  as  the  vortex-antivortex  dissipation  mechanism 
associated  with  the  Kosterlitz-Thouless  transition^^^"^^  in  two-dimensional  systems  utilized 
previously  by  Culbertson  et.  al.^^^^^  in  explaining  their  enhanced  photoresponse. 

However,  since  our  data  indicates  a  linear  current- voltage  relation  down  to  Tg  while  the 
K-T  transition  is  accompanied  by  a  change  in  the  current-voltage  characteristics  to  V~  fi 
near  Tq,  the  enhanced  microwave  response  observed  in  our  films  may  be  more  closely 
related  to  the  Josephson  properties  of  the  films. 

The  Josephson  effect  picture  is  further  supported  by  microwave  induced  dc  voltage 
measurements  on  the  same,  but  unbiased,  film  as  shown  in  Figs.  4-49  and  4-50.  The 
microwave  induced  dc  voltage  as  a  function  of  microwave  power  is  shown  in  Fig.  4-49 
for  two  dc  magnetic  fields.  The  induced  voltage  (i)  exhibits  an  oscillatory  behavior  that 
has  both  positive  and  negative  values  and  (ii)  shows  a  nearly  complete  reversal  of  the 
voltage  polarity  upon  changing  the  direction  of  the  magnetic  field  if  a  monotonically 
increasing  background  voltage  is  superimposed  to  account  for  a  small  bolometric  effect 
The  induced  voltage  is  also  measured  as  the  temperature  is  changed  slowly  with  a  small 
modulated  (fmod  =  21.0  Hz)  magnetic  field  as  shown  in  Fig.  4-50.  Clearly,  the  induced 
voltage  starts  at  a  temperature  of  approximately  78  K  which  is  below  the  temperature 
where  dV/dT  is  a  maximum  (-  80  K).  The  unbiased  induced  dc  voltage  measurements 
done  with  unbiased  EB61-1  show  oscillatory  behavior  with  respect  to  the  magnetic  field  as 
well  as  the  reversal  of  the  polarities  upon  the  magnetic  field  direction  change  similar  to  the 
data  shown  in  Figs.  4-31  and  4-32. 

In  summary,  nonbolometric  response  to  microwave  radiation  in  the  resistive 
transition  region  of  thin  films  is  distinguished  fi'om  the  bolometric  response  by  their 
different  microwave  power  dependence.  The  microwave  power  (EB 1 19-b)  and  magnetic 
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field  dependence  (EB61-1)  along  with  the  temperature  dependence  of  the  induced  dc 
voltage  is  similar  to  previously  discussed  samples,  and  thus  supports  the  Josephson  effect 
as  the  main  mechanism  for  the  induced  voltages. 
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Figure  4-43  Resistance  and  Induced  dc  voltages  versus  temperature  for  EB 1 19-b 
with  three  different  microwave  powers.  (H  =  0.) 
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Figure  4-44  I- V  characteristics  for  EB 1 1 9-b  with  three  different  microwave 

powers  showing  induced  voltages.  (H  =  0.) 
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Figure  4-46  Induced  dc  voltages  versus  temperature  for  EB 1 19-b  with  three 
different  microwave  powers.  (H  =  0.) 
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Figure  4-48  Induced  dc  voltage  and  dR/dT  versus  temperature  for  EB61-1.  (H  0.) 
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Figure  4-49  Induced  dc  voltage  versus  microwave  power  for  unbiased  EB 1 19-b 
with  both  magnetic  field  directions. 
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Figure  4-50  Induced  dc  voltage  by  naodulated  magnetic  field  versus  temperature 
for  unbiased  EBl  19-b.  (Hjnod  “  ^mod  =  21.0  Hz.) 


CHAPTER  V 


SUMMARY 

The  high-Tc  oxide  thin  films  are  known  to  be  granular  in  structure  and  there  is 
evidence  that  the  regions  between  the  grains  are  normal.  Since  the  thin  film  thickness  is 
comparable  to  the  grain  size,  the  grain  boundaries  can  be  thought  to  extend  through  the 
entire  film's  thickness  and  can  be  approximated  to  be  nearly  perpendicular  to  the  surface  of 
the  films.  Thus  the  film  forms  essentially  a  two-dimensional  networic  of  Josephson-like 
junctions. 

The  electrodynamic  responses  to  microwave  radiation  in  unbiased  high-Tg  YBaCuO 
and  TlBaCaCuO  thin  films  as  a  function  of  microwave  power,  external  dc  magnetic  field, 
and  temperature  have  been  investigated.  It  is  shown  that  the  microwave  induced  dc 
voltage  developed  in  unbiased  high-T^.  thin  films  has  an  oscillatory  behavior  of  both 
polarities  as  a  function  of  microwave  power  and  dc  magnetic  field  and  has  polarity  reversal 
upon  the  reversal  of  the  dc  magnetic  field  direction  which  rule  out  classical  effects  such  as 
rectification  or  heating.  Instead,  these  features  resemble  Josephson  effects  arising  from 
intergranular  Josephson-like  junctions  in  the  films.  The  microwave  induced  voltage 
disappears  at  temperatures  above  T^  which  strongly  supports  the  Josephson  model.  The 
microwave  response  of  high-Tg  thin  films  have  been  qualitatively  compared  to  that  of  the 
nonlinear  dynamic  responses  associated  with  a  single  Josephson  tunnel  junction.  Two 
basic  Josephson  equations:  (i)  the  time-rate  of  change  of  the  phase  being  proportional  to 
the  voltage  and  (ii)  the  spatial  gradient  of  the  phase  being  proportional  to  the  magnetic 
field,  have  been  utilized  to  qualitatively  demonstrate  that  the  results  for  the  high-Tc  oxide 
superconductors  are  consistent  with  the  microwave  response  of  a  conventional  single 
Josephson  tuimel  junction  -  the  so-called  reverse  ac  Josephson  effect.  It  was  also  noted 
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that  the  temperature  dependence  of  the  reverse  ac  Josephson  effect  can  be  used  to  detect 
minority  superconducting  phases  which  may  not  be  detectable  due  to  the  lack  of 
continuous  supercurrent  path  throughout  the  sample. 
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The  effects  of  microwave  radiation  in  high-Tp  oxide  superconductors  are  likely  to  be 
dominated  by  a  granular  structure  where  superconducting  grains  are  separated  by  normal 
materials,  which  is  structurally  similar  to  a  network  of  Josephson  junctions.  It  is  therefore 
reasonable  to  consider  that  these  weakly  coupled  superconducting  grains  would  exhibit 
Josephson- like  effects.  The  microwave  responses  that  develop  in  unbiased  high-Tg 
YBaCuO  and  TlBaCaCuO  thin  films  as  a  function  of  microwave  power,  dc  magnetic  field, 
and  temperature  are  investigated  to  distinguish  Josephson  effects  from  classical  effects 
such  as  rectification  or  heating.  The  microwave  induced  dc  voltage  developed  in  these  thin 
films  has  an  oscillatory  behavior  of  both  polarities  as  a  function  of  microwave  power  and 
dc  magnetic  field,  a  polarity  reversal  upon  the  reversal  of  the  dc  magnetic  field  direction, 
and  a  dependence  on  temperature.  These  results  are  qualitatively  similar  to  the  nonlinear 
dynamic  responses  observed  in  conventional  Josephson  tunnel  junctions  and  are 
consistent  with  the  Josephson  effect  arising  from  normal  regions  between  superconducting 
grains  which  behave  as  Josephson-like  junctions. 
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CHAPTER  I 


INTRODUCTION 

A.  A  Brief  History  of  High-T^  Superconductors 

Although  superconductivity  was  first  discovered  in  1911  in  Mercury  at  4.2  K  [1], 
the  progress  in  improving  the  transition  temperature  Tc  has  been  slow.  The  Tc  of  23.2  K 
for  Nb3Ge  was  reported  in  1973  by  Gavaler  and  in  1974  by  Testardi  et  al.[2,3]-  In  spite  of 
great  efforts  to  increase  this  limit  further,  it  stood  as  the  record  until  1986.  In  that  year, 
Bednorz  and  Muller  observed  that  a  copper-oxide-based  material,  La2-xBaxCu04,  began  its 
superconducting  transition  at  35  K  when  it  was  cooled  [4].  Their  results  were  verified  by 
other  laboratories  in  late  1986  and  early  1987  [5-9]  that  set  off  an  unprecedented  worldwide 
outburst  of  excitement  and  research  activities  looking  for  new  superconductors  with  even 
higher  Tc.  Soon  after,  M.K.  Wu  et  al.  [10]  discovered  that  by  replacing  Lanthanum  with 
smaller  Yttrium,  Tc  could  be  raised  to  92  K  which  is  above  the  temperature  of  liquid  N2. 
The  material  responsible  for  the  superconductivity  was  identified  to  be  the  YBa2Cu307.5 
phase  with  an  orthorhombic  structure.  Later  on,  superconductivity  was  observed  in  the  Bi- 
Sr-Ca-Cu-0  system  at  1 10  K  [1 1]  and  in  the  Tl-Ba-Ca-Cu-0  system  at  the  temperature  of 
125  K  [12,13].  In  1993,  the  Hg-Ba-Ca-Cu-0  system  was  shown  to  exhibit  a 
superconducting  transition  at  133  K  under  one  atmospheric  pressure  [14]  and  164  K  under 
an  extremely  high  pressure  [15].  In  addition  to  these  materials,  many  researchers  have 
reported  superconducting  phenomena  with  even  higher  T^’s  in  some  mixed-phase  samples 
of  cuprates  [16-20].  However,  the  structural  phases  responsible  for  these  higher-Tc 
phenomena  are  not  yet  established. 

B.  Material  Structures  and  Unusual  Fundamental  Properties 
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A  common  feature  of  all  the  copper  oxide  superconductors  is  the  perovskite  crystal 
structure  with  one  or  more  Cu02  planes.  An  infinite  CUO2  plane  is  sketched  in  Fig.  1.1(a), 
where  the  square-planar  bonding  of  Cu  to  four  O  atoms  can  be  seen.  Each  copper  atom  in 
such  a  plane  is  strongly  bonded  in  a  nearly  square  planar  arrangement  to  four  oxygen  atoms 

o 

at  a  distance  of  approximately  1.9  A.  These  CUO2  planes  are  aZj-planes  perpendicular  to  the 
c-axis  in  the  high-T^  materials.  Most  of  the  materials  fall  into  families  of  structures  with  a 
different  number  of  immediately  adjacent  CUO2  planes  where  n  is  the  number  of 
immediately  adjacent  planes.  Table  1.1  lists  materials  of  the  more  widely  studied  families 
with  different  n  values.  For  n  >  1,  each  CUO2  plane  is  separated  by  a  sparsely  populated 
plane  of  Yttrium  or  Calcium  atoms.  Irrunediately  adjacent  sets  of  n  CUO2  planes  are  in  turn 
separated  from  the  next  set  of  n  CUO2  planes  by  metal-0  isolation  planes  (also  called  charge 
reservoirs),  where  the  metal  atoms  usually  are  La,  Ba,  T1  and  Bi.  Figure  1.1(b)  shows  the 
skeleton  layered  structure  of  YBa2Cu307.g.  For  this  material,  there  are  two  immediately 

adjacent  CUO2  planes  (~3.2  A  apart),  and  these  two  CUO2  planes  (n  =  2)  are  separated  from 
the  next  two  CUO2  planes  by  about  8.4  A. 

The  details  of  the  crystal  structures  of  high-T,,  superconductors  are  quite 
complicated.  We  will  not  attempt  to  review  the  various  structures  of  all  the  high-Tc  cuprate 
superconductors.  Instead  we  just  briefly  mention  the  structure  of  YBa2Cu307.6  which  is 
the  system  we  have  studied.  The  structure  of  the  superconducting  phase  is  orthorhombic 
(Pmmm)  [21]  with  lattice  parameters  a  =  3.82  A,  b  =  3.87  A  and  c  =  1 1.67  A.  As  shown 
in  Fig.  1.2,  the  structure  has  four  different  kinds  of  O  sites  and  two  different  types  of  four- 
coordinated  Cu  in  the  unit  cell.  They  are  labeled  as  Cul  for  the  Cu  atoms  in  the  one¬ 
dimensional  chains,  Cu2  for  the  Cu  atoms  in  the  CUO2  planes,  01  for  the  O  atoms  in  the 
chains  along  the  b-axis,  02  for  the  O  atoms  in  the  CUO2  planes  along  a-axis,  03  for  the  O 
atoms  in  the  CUO2  planes  along  b-axis  and  04  for  the  apical  O  atoms  along  the  c-axis.  The 
distances  between  Cu2-03  and  Cu2-02  are  1.96  and  1.93  A,  respectively.  The  Cu2-04 
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Formula 

Te(K) 

n 

(La2-xSrx)Cu04 

38 

1 

(La2-xSrx)CaCu206 

60 

2 

Tl2Ba2Cu05 

0-80 

1 

Tl2Ba2CaCu208 

108 

2 

Tl2Ba2Ca2Cu30jQ 

125 

3 

Bi2Sr2CuOg 

0-20 

1 

Bi2Sr2CaCu208 

85 

2 

Bi2Sr2Ca2Cu30jQ 

no 

3 

YBa2Cu307 

92 

2 

YBa2Cu408 

80 

2 

Y2Ba4Cu70j4 

40 

2 

TlBa2Cu05 

0-50 

1 

TlBa2CaCu207 

80 

2 

TllBa2Ca2Cu309 

110 

3 

TlBa2Ca3Cu40i  j 

122 

4 

Table  1.1  A  partial  list  of  the  high-temperature  superconductors,  n  is  the  number 
of  the  immediately  adjacent  CUO2  planes  in  the  unit  cell. 


Fig.  1.2  The  crystal  structure  of  the  orthorhombic  form  of  YBa2Cu307.6. 
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distance  is  2.30  A  which  is  relatively  large;  this  same  large  distance  is  also  found  in  the 
other  high-T(,  superconductors.  The  Cul-01  distance  is  1.94  A  (half  of  the  /7-axis  unit  cell 
length)  and  the  Cul-04  is  1.84  A.  Thus,  like  the  Cul  atoms,  the  Cu2  atoms  are  strongly 
covalently  bonded  to  four  O  atoms  in  a  square-planar  configuration.  However,  the  CUO2 
planes  extend  indefinitely  in  two  directions  (the  fl/7-plane),  while  the  CuO  chains  extend 
indefinitely  in  only  one  direction  (the  /7-axis  direction).  For  the  Y123  phase  with  Tc  of  93 
K,  the  O  site  in  the  chain,  which  run  along  the  /7-axis,  is  fully  occupied,  and  the  site  located 
between  the  chains  is  unoccupied.  These  two  crystallographic  directions  can  interchange, 
giving  rise  to  (1 10)  twinning  [22-25].  In  samples  with  a  large  dimension  in  the  c  direction, 
growth  twins  are  also  observed  [26,27]. 

The  new  oxide  superconductors  compared  with  conventional  metal  superconductors 
have  some  unusual  properties  including  higher  T^’s,  shorter  coherence  lengths,  and  large 
anisotropies.  The  higher  T^.  values  (one  order  of  magnitude  higher  than  that  of  conventional 
superconductors)  open  the  way  for  many  new  applications  which  were  not  previously 
attractive  economically.  From  a  fundamental  point  of  view,  when  T,,  is  high  (an  appreciable 
fraction  of  the  Debye  temperature),  many  types  of  excitations,  such  as  phonons,  play 
important  roles.  The  presence  of  these  excitations,  if  they  break  Cooper  pairs,  is  expected 
to  affect  some  of  the  properties  of  these  new  compounds,  such  as  T(.  and  the  critical  current 
density  [28,29].  In  addition,  a  rise  in  the  thermal  conductivity  of  the  high-Tc  materials  as 
the  temperature  falls  just  below  Tc  has  been  observed  [30].  This  is  a  sign  of  reduced 
scattering  of  phonons  by  electrons  as  the  electrons  form  superconducting  Cooper  pairs. 
Conversely,  for  conventional  superconductors,  the  number  of  phonons  which  are  present 
at  Tc  is  too  small  to  dominate  the  thermal  conductivity. 

The  short  coherence  length  observed  in  the  high  temperature  superconductors  also 
leads  to  several  unusual  properties.  The  Ginzburg-Landau  coherence  length  which 

is  the  parameter  characterizing  the  range  of  propagation  of  a  disturbance  in  the  magnitude  of 
the  superconducting  order  parameter,  is  typically  only  between  0.5  and  30  A  at  T  «  T^, 
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depending  on  the  crystallographic  directions.  Because  ^gl(T)  is  much  shorter  than  the 
magnetic  penetration  depth  in  high-T^,  materials,  they  are  all  type-II  superconductors  [31- 
33]  with  extremely  high  values  of  the  upper  critical  field  H(,2,  the  field  needed  to  destroy 
superconductivity.  One  undesirable  consequence  of  the  short  coherence  length  is  that 
noticeable  fluctuations  can  occur  near  the  transition  temperature,  causing  a  broad  transition 
even  for  a  homogeneous  sample.  Another  negative  aspect  of  the  short  coherence  length  in 
the  high-T(,  superconductors  is  that  many  experimental  data  are  determined  by  only  a  thin 
surface  layer  (of  thickness  of  the  sample.  Many  groups  have  observed  that  the 
chemical  composition  and  the  crystal  structure  of  a  thin  layer  on  the  surface  may  be 
different  from  that  inside  the  sample,  making  it  difficult  to  study  the  bulk  properties  of  the 
sample  from  observations  such  as  electron  tunneling  or  photoemission.  Additionally,  it  has 
been  argued  that  twin  boundaries  can  induce  intragrain  Josephson  junctions  in  a  high-Tc 
oxide  superconductor,  as  a  result  of  their  very  short  superconducting  coherence  length 
[34].  Consequently,  the  bulk  superconductivity  is  considerably  weakened  by  these 
intragrain  Josephson  junctions. 

The  anisotropies  in  several  physical  properties  are  due  to  the  layered  crystal 
structure  (see  Fig.  1.1(b)  and  Fig.  1.2)  which  according  to  current  thinking  may  be 
responsible  for  the  high-T^.  superconductivity.  For  example,  the  electrical  resistivity  of  the 
high-T(.  superconductors  along  the  a^>-planes  (Cu02  planes)  has  a  linear  temperature 
dependence  similar  to  a  normal  metallic  behavior.  However  the  electrical  resistivity  along 
the  c-axis  (i.e.,  perpendicular  to  the  Cu02  planes)  reveals  an  inverse  temperature 
dependence  which  have  been  interpreted  as  evidence  for  a  quasi-particle  tunneling 
mechanism  between  Cu02  planes  [35,36].  Besides  the  difference  in  the  temperature 
dependences,  the  resistivity  in  the  c-axis  direction  is  larger  than  that  along  the  aZj-planes  by 
approximately  four  orders  of  magnitude.  Based  on  these  results,  it  has  been  proposed  that 
superconductivity  and  charge  transport  are  mostly  confined  to  the  Cu02  planes.  Another 
anisotropy  is  the  magnetic  penetration  depths  where  the  ratio  of  the  two  penetration  depths. 


Y=  Bi2Sr2CaCu20g  (BSCCO)  single  crystals  [37], 

Even  for  the  less  anisotropic  YBa2Cu307.g  (YBCO),  the  anisotropy  parameter  is  y  =  5 
[38,39],  which  is  much  larger  than  that  of  a  pure  metal  (  for  example,  Nb  y  =  1.1). 

Besides  the  physical  properties  mentioned  above,  scanning  electron  microscopy 
(SEM)  studies  on  these  granular  oxide  layered  superconductors  have  revealed  the 
microstructure  to  consist  of  platelet-shaped  grains  with  sizes  ranging  from  1-20  |im.  When 
these  grains  are  weakly  connected,  they  can  act  like  a  network  of  superconducting  weak 
links  or  an  inhomogeneous  array  of  weakly  coupled  Josephson  junctions.  Consequently, 
the  electrical  and  the  magnetic  properties  of  the  new  superconductors  are  significantly 
dominated  by  the  intergranular  coupling  or  Josephson  coupling  between  the  layers.  In 
order  for  a  sample  to  achieve  zero  resistance,  the  bias  current  should  be  less  than  the 
smallest  zero-voltage  current  of  all  the  weak  links  (or  junctions  formed  by  grains)  in  a 
superconducting  percolating  path.  The  magnetic  response  to  a  field  applied  parallel  to  the 
Cu02  layers  is  determined  by  the  properties  of  Josephson  vortices,  a  behavior  quite 
different  from  that  of  the  type-II  superconductors.  Furthermore,  it  had  been  found 
experimentally  that  extrinsic  features  such  as  twinnings,  second  phases,  stacking  faults, 
intergrowth  defects,  etc.,  have  profound  effects  on  the  physical  properties  of  a  high-Tc 
superconductor. 

C.  Quasi  Two-Dimensional  Superconducting  Materials  -  Existence  of  Intrinsic  Josephson 
Junctions 

As  we  discussed  in  the  previous  section,  a  high-T^  cuprate  superconductor  (HTSC) 
consists  of  Cu02  layers  separated  by  the  other  layers  like  Cu-0  chains  in  the  case  of 
YBCO.  The  CUO2  layers  are  responsible  for  conductivity  and  superconductivity  while 
other  layers,  which  donate  carriers  to  the  CUO2  planes,  are  either  insulating  or  weakly 
metallic.  Moreover  we  have  seen  that  a  remarkable  characteristic  of  these  layered  materials 
is  the  short  coherence  length:  for  example  ~  in  YBCO  [40]  and  ^c(O)  “  in 
BSCCO  [41]  calculated  from  the  measurements.  These  ^c(O)  values  are  practically 
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equal  to  the  spacing  between  the  adjacent  conducting  CUO2  planes  and  are  much  smaller 
than  the  distance  between  the  CUO2  double  layers  (  ~  3.2  A  for  YBCO  and  ~12  A  for 
BSCCO).  This  suggests  that  the  superconductivity  in  the  high-Tc  cuprates  may  be 
intrinsically  two-dimensional  with  weak  coupling  between  planes  in  the  third  dimension. 
Thus  the  layered  superconductors  can  be  considered  as  a  stack  of  superconducting  layers 
(the  CUO2  planes)  coupled  by  Josephson  interaction.  Several  theories  [42,43]  and 
experiments  concerning  the  angular  dependence  of  the  critical  current  [44],  the  upper 
critical  field  [45],  the  torque  [37],  the  transport  properties  and  the  magnetization  [46,47], 
and  the  novel  behavior  of  vortex  motion  under  the  influence  of  a  temperature  gradient 
[48,49]  support  this  picture.  Recently  Kleiner  et  al.  [50,51]  have  investigated  the  coupling 
between  CUO2  layers  in  HTSC  (including  YBCO,  BSCCO  and  TBCCO)  by  direct 
measurements  of  all  dc  and  ac  Josephson  effects  with  current  flowing  in  the  c-axis 
direction.  They  found  that  the  I-V  characteristics  exhibit  large  hystereses  and  multiple 
branches  which  can  be  explained  in  terms  of  a  series  of  highly  capacitive  junctions.  The 
oscillations  in  the  critical  current  as  a  function  of  magnetic  field  (parallel  to  the  layers) 
indicate  that  intrinsic  Josephson  junctions  can  exist  within  the  unit  cells  of  a  single  crystal 
sample  along  the  c-axis  .  Microwave  emission  experiments  also  demonstrate  that  every  pair 
of  CUO2  double  or  triple  layers  can  emit  electromagnetic  radiation.  These  experimental 
results  showed  that  a  HTSC  except  for  YBCO  can  behave  like  a  stack  of  SIS  Josephson 
junctions. 

D.  Novel  Nonlinear  Electrodynamic  Properties 

The  electrodynamic  responses  of  the  HTSC  oxides  have  also  shown  unusual 
properties.  One  of  them  is  the  strongly  field-dependent  nonresonant  microwave  absorption 
observed  at  small  values  (few  Gauss)  of  the  applied  magnetic  field  [52-56].  Besides  the 
normal  absorption  of  microwave  by  thermally  excited  quasiparticles  [54,57],  an  additional 
absorption  is  attributed  to  the  damped  fluxon  motion  [53,58,59]  and  the  Josephson 


currents  [52,56,60].  Another  interesting  aspect  of  the  electrodynamic  response  is  the 
generation  of  harmonics  in  a  HTSC  driven  by  a  low-power,  radio-frequency  field  [60]. 
The  results  could  be  semiquantitatively  understood  by  modeling  the  system  as  a  suitably 
averaged  collection  of  flux-quantized  supercurrent  loops  containing  Josephson  junctions. 
Other  unusual  electrodynamic  properties  indicative  of  the  ac  Josephson  effects  have  also 
been  observed  in  the  high-T^  cuprate  superconductors  [16,61-68].  For  example, 
nonbolometric  responses  have  been  seen  in  both  ceramic  and  thin  film  samples  Just  below 
Tc  [62-68].  One  possible  explanation  for  the  observed  nonbolometric  effect  is  that  the 
voltage  is  a  result  of  vortex  motion  arising  from  Josephson  effects  in  a  network  of  intrinsic 
Josephson  junctions.  Another  even  more  unusual  microwave  response  has  been  observed 
in  an  unbiased  ceramic  or  thin  film  sample  [16,61,64,65].  In  this  case,  the  microwave 
induced  dc  voltages  show  an  oscillatory  behavior  as  a  function  of  microwave  power  as  well 
as  polarity  reversals  depending  on  the  direction  of  the  dc  magnetic  field.  The  effect  may  be 
associated  with  the  inverse  ac  Josephson  effect  previously  seen  in  a  conventional  single 
Josephson  junction  [69,70].  However,  for  the  experiments  performed  on  a  thin  film  or  a 
ceramic  sample,  it  is  not  clear  whether  the  observed  effects  originated  from  intergrain  or 
intragrain  junctions.  Investigating  the  effect  in  a  single  crystal  sample  may  give  us  a  more 
clear  picture.  As  mentioned  earlier,  Kleiner  et  al.  has  shown  that  intrinsic  Josephson 
junctions  can  exist  within  the  unit  cells  of  a  single  crystal  of  BSCCO  and  TBCCO. 
However  similar  experimental  evidence  for  intrinsic  Josephson  junctions  in  a  YBCO  single 
crystal  is  still  lacking.  The  purpose  of  this  research  is  to  investigate  the  discrepancy 
between  YBCO  and  the  other  HTSC. 

E.  The  Aim  of  the  Thesis 

In  this  research,  we  would  like  to  find  out  the  answers  to  a  few  questions.  Is  the 
superconducting  properties  of  YBCO  in  the  c-axis  direction  inherently  bulk-like  or 
Josephson  coupled?  What  is  the  reason  that  the  intrinsic  Josephson  effect  can  not  be 
observed  in  a  YBCO  single  crystal  like  BSCCO  and  TBCCO?  How  should  microwaves  be 


coupled  to  a  YBCO  single  crystal  to  induce  a  dc  voltage?  To  answer  these  questions,  we 
have  carried  out  two  experiments.  In  the  first  experiment,  the  microwave  responses  of 
YBCO  are  studied  by  placing  a  single  crystal  sample  in  an  X-band  waveguide  which  has 
well  understood  microwave  E-  and  H-field  patterns  to  see  how  the  microwave  fields 
interact  with  a  YBCO  single  crystal  sample.  In  the  second  experiment,  a  very  sensitive 
detecting  scheme  is  utilized  to  study  the  magnetic-field  interference  effect  in  a  YBCO  single 
crystal  to  see  if  Josephson  junctions  exist  within  a  single  crystal  sample. 

The  remainder  of  this  thesis  is  organized  as  follows.  In  Chapter  II  we  will  briefly 
review  the  Josephson  effects,  electrodynamics  of  Josephson  junction  including  the  inverse 
ac  Josephson  effect,  the  RSJ  model  for  Josephson  junction,  and  the  macroscopic  quantum 
interference  phenomena.  In  Chapter  III,  we  describe  the  experimental  details  with  emphasis 
on  the  microwave  induced  dc  voltages  and  the  magnetic  interference  measurement 
techniques  on  YBCO  single  crystals.  The  results  of  the  experiments  on  the  microwave 
induced  dc  voltages  are  described  in  Chapter  IV  and  those  on  the  magnetic  interference  in 
Chapter  V.  A  brief  summary  and  conclusion  of  our  investigation  on  the  electrodynamic 
properties  of  YBCO  single  crystals  are  given  in  Chapter  VI. 


CHAPTER  II 


BACKGROUND  INFORMATION 


A.  The  Josephson  Effects 

A  classical  Josephson  tunnel  junction  consists  of  two  superconducting  metals 
separated  by  an  extremely  thin  insulating  layer.  A  schematic  diagram  of  such  a  junction  is 
shown  in  Fig.  2.1(a).  Giaever  [71]  showed  that  when  a  voltage  is  applied  across  the  two 
superconductors,  a  quasi-particle  tunneling  current  can  flow  through  the  insulating  barrier. 
At  low  temperatures  (low  compared  to  T^)  the  quasi-particle  current  is  quite  small  for  V  < 
2A/e,  where  A  is  the  gap  parameter  and  e  is  the  electronic  charge.  When  V  ~  2A/e,  a  large 
increase  in  the  quasi-particle  current  occurs  due  to  pair  breaking  and  a  large  density  of 
states  just  above  the  gap  [72].  A  typical  quasi-particle  current  is  shown  in  Fig.  2.1(b).  In 
addition  to  the  quasi-particle  current  at  nonzero  voltages,  a  section  of  dc  current  up  to  Iq  is 
also  seen  at  V  =  0.  This  zero-voltage  current  is  the  well  known  dc  Josephson  current  due  to 
tunneling  of  superconducting  pairs.  Josephson  showed  that  when  two  superconducting 
metals  are  physically  close  to  one  another,  it  is  possible  for  the  macroscopic  wave  functions 
associated  with  the  pairs  in  each  of  the  metals  to  couple.  If  the  energy  involved  in  the 
coupling  is  greater  than  the  thermal  fluctuation  energy,  there  is  a  phase  correlation  between 
the  two  superconductors  and  superconducting  pairs  can  tunnel  through  the  thin  layer.  In 
this  way,  two  "coupled"  superconductors  behave  to  some  extent  as  one  single 
superconductor.  Unlike  ordinary  superconductivity,  this  phenomenon  is  often  called  "weak 
superconductivity"  [73]  because  of  the  much  lower  values  for  the  critical  parameters 
involved.  Josephson  [74,75]  showed  that  the  pair  current  is  related  to  the  phase  difference 
between  the  two  wave  functions  of  the  superconductors  and  is  governed  by  the  following 
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Fig.  2. 1  (a)  Schematic  of  a  Josephson  tunnel  junction.  The  coordinate  axis 

is  used  in  deriving  Eq.  (2.9). 

(b)  I-V  characteristics  of  a  Josephson  junction  showing  the  quasi¬ 
particle  tunneling  current,  the  zero-voltage  Josephson  current  and 
the  normal  state. 


14 


equations: 


J(r,t)  =  JoSin(l)(r,t) 


(2.1) 


^<|)(r4)  _  2eV 
at  'fi  ’ 


where  (])(?, t)  is  the  phase  difference  across  the  barrier,  -h  the  Planck's  constant  divided  by 
2k,  V  the  voltage  across  the  junction,  and  the  maximum  pair  current  density.  For  T  = 
0,  Anderson  found  =  7tA/2eR„,  where  is  the  tunneling  resistance  per  unit  area  of  the 
junction  when  both  metals  are  in  the  normal  state.  This  result  was  generalized  by 

Ambegaokar  and  Baratoff  for  all  temperatures  [76],  such  that  for  two  identical 

^  ^  ,  7cA(T)^  ,A(T) 

superconductors,  the  result  is  J,,  =  — ^ —  tanh  . 

2cK|^  2k  1 

As  can  be  seen  from  these  two  equations,  the  phase  difference  (j)  at  V  =  0  is  a 
constant  so  that  a  finite  current  density  with  a  maximum  value  can  flow  through  the 


barrier  even  without  a  voltage  across  the  junction.  This  is  the  essence  of  the  dc  Josephson 
effect.  One  major  difference  between  the  Josephson  zero-voltage  current  and  the  critical 
current  of  a  bulk  superconductor  is  the  Josephson  current  is  related  to  the  phase  difference 
between  the  two  coupled  superconductors  by  Eq.  (2.1)  (J  =  JoSini]));  in  the  bulk 


superconductor  the  current  is  related  to  the  gradient  of  the  phase. 

For  a  small  junction  where  the  phase  is  spatially  uniform,  Eqs.  (2.1)  and  (2.2)  give 
J(t)  =  JoSin[  leWxlfi  +  const.].  (2.3) 


So  for  a  constant  voltage  V  across  the  junction,  Eq.  (2.3)  predicts  an  alternating  current 
with  a  frequency  v  =  2eV/h.  This  is  known  as  the  ac  Josephson  effect.  Experimental 
manifestation  of  the  ac  Josephson  effect  has  been  observed  under  numerous  experimental 
conditions  and  is  well  documented.  The  first  demonstration  is  the  so-called  Shapiro  steps 
[77]  due  to  irradiation  of  microwaves  on  a  Josephson  junction.  The  interaction  between  the 
incident  microwaves  and  the  Josephson  current  leads  to  the  appearance  of  current  steps  at 
constant  voltages  of  nhv/2e  (n  =  ±1,  ±2,  ...)  in  the  I-V  characteristics  of  the  junction, 
where  v  is  the  frequency  of  the  applied  radiation.  It  should  be  emphasized  that  the 


Josephson  junction  is  a  remarkable  system  where  the  quantum  phase  difference  between 
the  wave  functions  of  the  two  superconductors  has  a  macroscopic  meaning  and  is  directly 
observable  via  the  current  flowing  into  the  junction  and  the  voltage  across  it. 

B.  Electrodynamics  of  a  Josephson  Junction 
1.  Derivation  of  Basic  Equations 

In  the  presence  of  a  magnetic  field  H,  the  spatial  variation  of  the  phase  along  the 
junction  is  governed  by 

^4>  =  ^Hx6,  (2.4) 

where  n  is  a  unit  vector  perpendicular  to  the  barrier  and  d  =  2X,l+  t,  where  X,l  is  the  London 
penetration  depth  and  t  is  the  thickness  of  the  insulating  barrier.  The  equation  governing  the 
electrodynamics  of  a  Josephson  junction  can  be  derived  from  the  Maxwell  equation 


Vx 


H  =  ^J  +  1^ 
c  c  at 


(2.5) 


and  Eqs.  (2.1),  (2.2)  and  (2.4).  Because  the  current  flows  perpendicular  to  the  junction 
area,  Eq.  (2.5)  reduces  to 


3Hy  ^  ,  1  dD^ 

ax  ■  ay  c  +  c  at  •  (2.6) 

The  current  density  J^  is  taken  to  be  the  sum  of  the  Josephson  current  and  quasi-particle 
current  which  is  given  by 

J,  =  J„sin(i)-hao(V)V,  (2.7) 


aD, 


where  a,,  is  the  quasi-particle  conductance.  The  displacement  current,  is  given  by 


^Dz_  a 
at  at 


t  ’  2et 


(2.8) 


where  £  is  the  effective  dielectric  constant  of  the  oxide  layer.  Combining  Eqs.  (2.6),  (2.7) 
and  (2.8)  yields  the  following  equation  for  phase  difference  (j) 


16 


(|)  13  1 

<t)xx  +  <i)yy-3-J-<t>t  =  — (2  9) 
c  c  ^ 

where  Xj  is  the  Josephson  penetration  depth  given  by  ?ij  =  (/ic2/8TcedJQ)i^2  ^  jg  speed 
of  electromagnetic  radiation  in  the  junction  given  by  c  =  c(t/ed)1^2  =  o^AnXlz  is  the 

McCumber-Stewart  damping  parameter  [78,79].  The  electrodynamic  properties  of 
Josephson  junctions  are  determined  from  the  solutions  of  Eq.  (2.9)  with  the  appropriate 
boundary  conditions.  Since  it  is  a  nonlinear  equation,  it  is  rich  in  a  variety  of  solutions.  In 
the  following  sections,  a  few  special  solutions  will  be  discussed. 

Let's  consider  the  simplest  time-independent  case  and  assume  a  one-dimensional 
lossless  junction  (Po  =  ignoring  the  quasi-particle  current),  Eq.  (2.9)  then  reduces  to  the 


following  form 


(2.10) 


An  exact  solution  of  Eq.  (2. 10)  is  possible  but  we  first  investigate  the  case  when  (j)  is  small 
and  replace  sintj)  in  Eq.  (2.10)  by  0.  Then  Eq.  (2.10)  becomes  -  1/Xj2(|)  =  0  which 

is  the  same  as  London's  equation  for  a  bulk  superconductor.  It  has  the  solution  (j)  ~  exp(- 
x/A,j).  This  is  the  reason  that  X,j  is  referred  to  as  the  Josephson  penetration  depth  in  analogy 
with  the  London  penetration  depth  for  a  bulk  superconductor.  As  long  as  X,j  is  large  in 
comparison  with  the  length  of  the  junction  (called  a  small  junction),  (|)  can  be  regarded  as 
constant  and  the  total  current  can  be  calculated  by  multiplying  the  current  density  by  the 
area  of  the  junction.  If  Xj  is  small  the  current  is  confined  to  the  edge  of  the  junction  and  the 
maximum  supercurrent  is  drastically  reduced.  It  should  be  noted  that  the  exclusion  of  the 
magnetic  field  from  the  junction  is  possible  only  for  small  fields.  The  magnetic  field 
dependence  will  be  discussed  in  the  following  section  by  solving  Eq.  (2.10). 

2.  Vortex  Structure  and  Critical  field 

For  a  junction  with  dimensions  large  compared  to  the  self  magnetic  field 
produced  by  the  Josephson  current  must  be  taken  into  account.  Owen  and  Scalapino  [80] 
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have  studied  the  critical  current  behavior  for  the  symmetric  junction  shown  in  Fig.  2.2(a). 
The  external  magnetic  field  He  is  in  the  y  direction  and  the  current  flows  from  left  to  right. 
For  L  >  X,j  the  phase  is  governed  by  the  static  limit  of  Eq.  (2.9)  (i.e.,  Eq.  (2. 10))  with  the 
boundary  conditions 


_  'he  ^  I  _  he  I 

^  2ed  3x  ^  2ed  3x 


(2.11) 


The  values  of  Hy(0)  and  Hy(L)  are  related  to  the  externally  applied  magnetic  field  Hg  and 
the  current  flowing  through  the  Junction  I  by  Ampere's  law 

Hy(L)  -  Hy(0)  =  47tl/c,  Hy(L)  +  Hy(0)  =  2He.  (2. 12) 

The  general  solution  of  the  Eq.  (2.10)  leads  to  Jacobian  elliptic  functions,  and  the  resulting 
current  density  and  magnetic  field  distributions  are  given  by 


edXjk  1,2 

J(x)  =  -  -2-  sn(^^  I  -V)  dn(^^  I  . 


(2.13) 


The  parameter  k  and  x^  are  used  to  fit  the  boundary  conditions.  The  wavelength  and  the 
detailed  shape  of  the  current  distribution  depend  on  k.  In  the  limit  of  small  k,  the  current 
distribution  has  the  sinusoidal  shape  with  a  wavelength  7t:kA,j.  As  k  increases,  this 
sinusoidal  shape  becomes  distorted  and  the  period  is  given  by  2k^jK(k2).  Here  K  is  the 


complete  elliptic  integral 


K(k^) 


’  J  n  1  2  •  2qi1/2’ 
^  [1-k  sin  0] 


(2.14) 


When  the  junction  contains  an  integral  number  of  wavelengths,  i.e.,  L  =  n2k>,jK(k2),  the 


current  distribution  goes  through  n  complete  cycles  between  x  =  0  and  x  =  L.  Under  these 
conditions  the  junction  is  said  to  contain  n  current  vortices,  and  the  total  current  I  carried  by 
the  junction  vanishes.  Since  a  complete  vortex  does  not  contribute  to  the  total  current  I,  all 
solutions  with  I  >  0  are  corresponding  to  a  nonintegral  number  of  vortices  in  the  junction. 


The  results  for  Hg  =  0  are  shown  in  Fig.  2.2(b)  for  junction  lengths  iX],  5X]  and 
15^j.  It  can  be  seen  that  the  current  density  is  nearly  constant  when  the  length  is  just  two 
penetration  depths  but  as  the  length  of  the  junction  increases  the  current  density  becomes 
significantly  nonuniform  and  most  of  the  current  is  confined  to  the  edge  of  the  junction. 

In  the  presence  of  a  weak  external  magnetic  field  currents  flow  near  the  junction 
edge  shielding  the  interior  of  the  junction  similar  to  the  Meissner  effect.  As  the  field 
increases,  an  oscillatory  pattern  of  current  distribution  develops  in  the  junction  similar  to 
the  formation  of  vortices  in  a  type-II  superconductor.  However,  because  of  the  sintj) 
dependence  of  the  Josephson  current  for  a  given  magnetic  field,  there  may  be  several 
allowed  current  distributions  associated  with  different  numbers  of  vortices  in  the  junction. 
The  junction  critical  current  presumably  switches  to  that  mode  which  is  capable  of  carrying 
the  maximum  critical  current  for  a  given  value  of  Hg. 

Following  Abrikosov  [33]  we  can  write  the  relation  between  the  thermodynamic 
lower  critical  field  Hci  and  the  free  energy  F  per  unit  length  of  an  isolated  flux  line  as  Hd  = 
47tF/<I>o.  The  expression  for  F  corresponding  to  a  single  flux  line  in  the  barrier  is  given  by 
F  =  AfikjijQ.  Therefore  the  lower  critical  field  Hd  is  given  by 

(2-15) 

Here  Hd  represents  the  lowest  field  at  which  the  Meissner  solution  becomes  unstable  and 
vortex  penetration  is  energetically  favored.  Therefore  we  see  that  for  magnetic  fields 
exceeding  Hd  a  long  junction  behaves  like  a  type-II  superconductor  allowing  vortices  to 
enter.  However,  unlike  a  type-II  superconductor,  a  Josephson  vortex  does  not  have  a 
normal  core.  Even  in  the  absence  of  any  external  magnetic  field,  transient  phase 
fluctuations  of  the  order  of  In  could  lead  to  the  formation  of  an  isolated  vortex  in  a  long 
Josephson  junction. 


3.  Dynamic  Properties 
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Fig.  2.2(a)  The  tunnel  junction  geometry.  Here  the  junction  length  is  L 
and  the  applied  magnetic  field  is  into  the  plane  of  the  page. 


L  =  2Xj 


L  =  5Xj 


Fig.  2.2(b)  Current  density  distribution  in  a  junction  when  the  current  is  maximum 
and  there  is  no  applied  magnetic  field.  From  Owen  and  Scalapino  [80]. 


The  dynamic  properties  of  vortices  of  a  one-dimensional  Josephson  junction  in  the 


absence  of  any  dissipation  and  without  an  external  bias  current  is  described  by 


c  I 


(2.16) 


This  equation  can  be  solved  analytically.  One  of  the  solutions  of  Eq.  (2.16)  describing  the 
motion  of  a  single  vortex  (or  a  antivortex)  in  the  junction  is  given  by 


(t)(x,t)  =  4tan'^  [exp± 


'i  /I  2\ 

>.j(l-uO 


], 


(2.17) 


where  u  is  the  normalized  velocity  of  the  vortex  v/c.  As  the  vortex  moves  across  the 
junction,  it  produces  a  voltage  pulse  having  a  magnitude  of 


V(x,t)  =  ^^(j)(x,t).  (2.18) 

When  an  external  magnetic  field  greater  than  Hci  is  applied,  multiple  current  vortices  can  be 
formed  inside  the  junction  depending  on  the  field  value.  These  current  vortices  can  be 
driven  into  motion  by  an  external  source,  such  as  a  dc  current  or  a  microwave  induced  ac 
current.  In  a  real  junction,  because  of  the  viscous  drag,  vortices  propagate  with  an  uniform 
speed  producing  steady  voltage  pulses  when  the  Lorentz  force  due  to  the  external  bias  is 
balanced  by  the  internal  viscous  drag.  The  manifestation  of  this  effect  for  a  dc  bias  case  has 
been  observed  as  a  set  of  current  branches  or  steps  in  the  current- voltage  characteristic  of  a 
Josephson  tunnel  junction. 

C.  The  Inverse  or  Reverse  AC  Josephson  Effect 

In  the  inverse  ac  Josephson  experiment,  dc  voltages  can  be  induced  across  a 
Josephson  junction  when  a  junction  is  biased  by  an  ac  source  without  an  external  dc 
current.  The  ac  bias  can  be  accomplished  either  by  directly  feeding  an  ac  current  of  rf 
frequency  into  the  junction  or  by  radiatively  coupling  rf  or  microwave  radiation.  The  first 
experimental  observation  of  the  inverse  ac  Josephson  effect  in  a  single  junction  was  made 
by  Langenberg  et  al.  [69]  more  than  two  decades  ago  and  shortly  after  by  several  other 
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groups  [70,81,82],  Studies  of  this  effect  in  bulk  samples  consisting  of  superconducting 
grains  have  also  been  made  [83,84],  A  theoretical  description  was  first  proposed  by  Chen 
et  al,  [70],  For  a  Josephson  tunnel  junction  with  negligible  capacitance  irradiated  with 
microwaves,  Chen  et  al,  showed  that  the  microwave  induced  dc  voltages  can  be  expressed 
in  the  following  form 

Va,  =  -  (2.19) 

where  R  is  the  total  resistance  in  the  circuit,  Iq  the  Josephson  critical  current  amplitude,  v 
the  ac  amplitude  of  microwave  radiation,  Jn  the  nth-order  Bessel  function,  and  (t)n  =^o- 
nO,  00  and  6  are  the  phases  of  the  Josephson  Junction  and  the  microwave  voltage, 
respectively, 

Eq,  (2,19)  shows  that  because  of  the  Bessel  function,  the  induced  dc  voltage  is 
oscillatory  as  a  function  of  microwave  frequency  and  microwave  amplitude.  Alternately,  it 
can  also  be  understood  from  the  oscillatory  dependence  of  the  Josephson  zero-voltage 
current  as  a  function  of  ac  amplitude.  In  addition,  one  can  see  that  the  induced  dc  voltage 
can  have  both  positive  and  negative  polarities  arising  from  the  sin0  term.  Furthermore, 
one  would  expect  that  the  induced  dc  voltages  exhibit  an  oscillatory  behavior  as  a  function 
of  magnetic  field  because  the  gradient  of  the  phase  difference  0  is  proportional  to  magnetic 
field  (for  details,  see  next  section).  It  should  be  pointed  out  that  the  characteristic  behaviors 
of  the  induced  dc  voltage  associated  with  the  ac  Josephson  effect  are  inherently  different 
from  a  nonvanishing,  time-averaged  voltage  due  to  the  rectification  effect  associated  with 
an  asymmetrical  current- voltage  characteristic. 

The  main  temperature-dependent  term  in  Eq.  (2.19)  is  the  critical  current  of  the 
junction  Iq.  To  induce  a  dc  voltage,  the  ac  current  must  exceed  Iq.  Because 
superconductivity  only  occurs  below  Tc  and  Iq  is  smallest  just  below  Tc  the  most  favored 
temperature  for  inducing  a  dc  voltage  is  just  below  the  superconducting  transition 
temperature.  The  actual  shape  of  an  induced  dc  voltage  versus  temperature  curve  would 


depend  on  the  sample  and  the  experimental  parameters  used.  For  example,  a  system 
consisting  of  multiple  junctions  with  a  wide  variation  of  Tc,  the  temperature  dependence  of 
the  induced  dc  voltage  would  show  a  microwave-power-dependent  peak  structure  which 
can  be  understood  as  follows.  As  the  temperature  decreases  below  the  superconducting 
onset  temperature,  there  is  a  dramatic  increase  in  the  number  of  Josephson  junctions  and 
correspondingly  the  induced  dc  voltage  increases  rapidly.  As  the  temperature  decreases 
further,  the  zero-voltage  currents  of  some  of  these  junctions  grow  sufficiently  large, 
eventually  exceeding  the  rf  current  making  these  junctions  incapable  of  developing  a  dc 
voltage.  By  increasing  the  ac  amplitude  or  the  microwave  power,  the  peak  of  the  induced 
dc  voltage  can  be  extended  to  a  lower  temperature. 

Since  the  transport  properties  of  the  ceramic  materials  of  the  new  high-Tc 
superconductors  are  often  determined  by  the  Josephson  coupling  between  superconducting 
grains  [85,86],  a  sample  may  not  reach  its  zero-resistance  state  if  the  critical  currents  of  the 
intergrain  junctions  are  not  large  enough  to  overcome  thermal  fluctuations  to  remain  larger 
than  the  bias  current.  For  a  sample  with  a  minority  superconducting  phase,  the  Josephson 
coupling  is  extremely  weak;  hence  it  is  extremely  difficult  to  make  a  complete  transition  to 
the  zero  resistance  even  with  a  small  bias  current.  On  the  other  hand,  the  inverse  ac 
Josephson  effect  is  easier  to  observe  in  this  kind  of  sample  with  weak  Josephson  coupling. 
Several  groups  [16,17,87,88]  have  employed  this  effect  to  detect  very  small  amounts  of  a 
superconducting  phase  in  multiphase  high-Tc  superconductors. 

D.  Resistively  Shunted  Junction  Model  -  (RSJ  Model) 

Following  the  analyses  of  Stewart  [89],  McCumber  [78,90]  and  Johnson  [91],  a 
Josephson  junction  can  be  represented  by  a  simple  equivalent  circuit  as  shown  in  Fig.  2.3. 
Since  the  impedance  of  the  junction  is  usually  much  smaller  than  the  source  impedance,  the 
circuit  can  be  treated  as  a  constant  current  source.  We  also  assume  that  only  a  dc  current 
is  present  in  the  circuit.  The  current  balance  equation  for  the  circuit  is 


Id,  =  C^+GV(t)  +  I,sin0(t), 


(2.20) 


where  CdV/dt  is  the  displacement  current  through  the  capacitor  C,  GV(t)  is  the  current 
through  the  resistor  R  (G  =  1/R),  and  I(jSin(})  is  the  Josephson  current.  V(t)  is  the  actual 
voltage  developed  across  the  device  and  is  related  to  the  phase  difference  (t)(t)  by  Eq.  (2.2). 
It  should  be  noted  that  this  equation  refers  to  a  condition  in  which  the  phase  difference  (j) 
across  the  junction  has  no  spatial  variations.  By  using  Eq.  (2.2),  Eq.  (2.20)  can  be 
transformed  into  an  equation  for  the  phase  <j) 


j  ^  -^C  d  ([)  ^  'h  del)  ^  j 


2eR  dt 


oSintj). 


(2.21) 


Let  us  introduce  some  convenience  dimensionless  variables,  x  =  (2eIoR/^)t,  P,.  = 
(2eIoR2C)M  and  a  =  Idc/Io-  obtain 


a  =  Pc^  +  ^  +  sin0- 
dx^  dx 


(2.22) 


This  equation  in  general  is  not  analytically  solvable  except  in  the  case  in  which  the  second 
derivative  term  can  be  neglected  (negligible  capacitance  C  «  0).  In  the  simplest  case,  where 
C  =  0,  Eq.  (2.22)  can  be  integrated  directly.  For  V  =0,  we  have  a  trivial  solution  of  a  = 
IjIc/Iq  =  sintj).  Because  -1  <  sintf)  <  1,  we  get  V  =  0  for  Ijjc  <  Iq-  For  0,  after  integration 
we  have  the  expression  of  (t)(x)  for  I^j,,  > 

(t)(x)  =  2tan-^  -  h  .  (2.23) 


We  are  interested  in  the  dc  current-voltage  characteristic  so  we  need  to  determine  the  time 
averaged  voltage.  As  we  learned  from  the  section  A,  the  dc  voltage  across  the  junction  is 
proportional  to  the  time  average  of  d(t)/dt.  So  to  obtain  V  one  has  to  calculate  <d(|)/dx>.  After 
simple  but  tedious  calculations,  d(t)/dx  can  be  expressed  by 
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d(t) 

dt 


oo 

V  +  ^  2v  (v  -  a)*^  coskG, 


lc=l 


(2.24) 


where  v  =  (a^  Therefore  <V>  =-^/2e<d0/dt>  =  IoR<d0/dT>  =  I^Rv  =  I^RCa^ 

=  IoR[(Id(7Io)2  -  l]i/2  for  case.  Let's  summarize  the  static  I-V  characteristics  in  the 

simplest  case  (C  =  0)  with  a  dc  source  I^c  for  the  RSJ  model  as  follows. 

V  =  0  for  Idc  <  lo 

V  =  (I,R)[(IdA)2-  l]i/2  forId,>I„ 

These  expressions  are  shown  in  Fig.  2.4.  It  is  clear  that  an  appreciable  amount  of  dc 
current  is  flowing  through  the  Josephson  junction  at  low  voltage  for  P(.  =  0.  The  junction  is 
at  a  finite  voltage  state  for  the  dc  bias  current  just  above  the  zero- voltage  current.  Based  on 
Eqs.  (2.1)  and  (2.2),  this  means  that  there  is  an  ac  current  flowing  through  the  junction. 
Since  the  external  source  normally  has  a  larger  impedance,  the  ac  current  mostly  stays  in 
the  junction  returning  through  the  shunt  conductance.  This  produces  a  simultaneous  ac 
voltage  across  the  junction.  Consequently,  the  rate  of  change  of  the  phase  is  no  longer  a 
constant.  The  result  is  a  complex  temporal  variation  of  the  current  and  the  voltage.  The  time 
average  of  the  ac  current  in  the  junction  has  a  non-zero  average  value  (a  dc  component) 
which  contributes  to  the  total  dc  current,  so  that  >  V/R.  When  the  bias  current  is  much 
larger  than  the  zero-voltage  current,  most  of  the  bias  current  flow  through  the  shunt 
conductance.  The  voltage  across  the  junction  is  closer  to  a  dc  background  I^cR  plus  a 
simple  sinusoidal  oscillation.  Therefore  the  time  average  of  the  ac  current  tends  to  be  zero 
and  gives  no  significant  contribution  to  the  total  dc  current  (I^c  =  V/R). 


E.  Macroscopic  Quantum  Interference  Phenomena  -  Magnetic  Field  Effects 

If  a  magnetic  field  is  applied  in  the  plane  of  but  perpendicular  to  the  length  of  the 
junction,  the  phase  difference  across  the  junction  varies  linearly  along  the  length  according 
to  Eq.  (2.5).  The  linear  change  in  phase  causes  a  sinusoidal  modulation  of  the  dc 
Josephson  current.  In  this  section,  we  assume  that  the  magnetic  field  produced  by  the 
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Josephson  current  is  negligible.  The  effects  of  self-induced  field  have  been  discussed  in  the 
previous  section.  The  applied  magnetic  field  Hg  is  in  the  y  direction,  so  that  the  gradient  of 
the  phase  given  by  Eq.  (2.5)  has  only  a  x  component,  which  is  given  by  d(^/dx  = 
(2ed/^c)Hg  Integrating  this  equation  for  a  uniform  field,  the  expression  for  the  current 
density  can  be  written  as 


J  =  Jo  JJeX  +  <t)o)-  (2.26) 

Maximizing  the  current  through  the  junction  by  setting  (jig  equal  to  -  edHeLMc,  one  finds 
that  the  maximum  critical  current  which  the  junction  can  carry  without  developing  a  voltage 
is  given  by 


r  2cdH  T 

Ig  =  wJg  J  sin[  ^(x  -  y)]dx  =  Ig 
0 


sin[(ed//ic)HgL] 


(ed//ic)HgL 


(2.27) 


Here  w  is  the  width  of  the  junction  and  Ig  is  the  current  density  Jg  times  the  area  of  the 
junction  wL.  Expressing  the  total  flux  through  the  junction  as  O  =  dLHg,  then  (edy/ic)HgL 
=  7tO/<I>g,  where  ^>o  is  the  flux  quantum,  then  Eq.  (2.27)  can  be  written  in  the  following 
form 


Ig(<D)  =  Ig(0) 


sin(7t<I)/Og) 

(7t<I>/^o) 


(2.28) 


The  Ig-vs-O  curve  for  this  case  is  similar  to  a  Franuholfer  diffraction  pattern  in  optics.  The 
maximum  zero-voltage  current,  Ig,  is  modulated  by  the  externally  applied  magnetic  field 
with  a  period  of  Og.  In  terms  of  magnetic  field  the  periodicity  of  the  pattern  is  given  by  AH 
=  Og/Ld.  The  critical  current  goes  to  zero  whenever  the  junction  contains  an  integral 
number  of  flux  quanta.  The  nth  order  maxima  of  this  curve  corresponds  to  the  presence  of 
n  +  1/2  stationary  vortices  in  the  junction  while  the  nth  order  minima  corresponds  to  n 
stationary  vortices  in  the  junction. 

To  see  physically  what  is  happening  to  cause  the  maximum  zero-voltage  current  to 
fall  to  zero,  the  current  density  profiles  for  the  critical  current  condition  at  various  field 


values  are  illustrated  in  Fig.  2.5.  In  Fig.  2.5(a)  there  is  no  applied  magnetic  field  so  the 
flux  threading  the  junction  is  zero.  In  this  case,  the  maximum  zero-voltage  current  is  the 
integral  of  the  maximum  zero-voltage  current  density  over  the  junction.  In  Fig.  2.5(b)  the 
magnetic  field  is  just  strong  enough  to  cause  the  wavelength  of  the  Josephson  current  to 
equal  twice  the  length  of  the  junction.  Clearly  the  total  maximum  zero- voltage  current  is 
reduced.  In  Fig.  2.5(c)  the  magnetic  field  increases  to  a  value  such  that  the  flux  in  the 
junction  is  one  flux  quantum.  The  current  now  reverses  direction  once;  equal  currents  flow 
in  both  directions  and  the  total  junction  current  is  zero.  In  Fig.  2.5(d)  the  junction  contains 
3/2  three  half-wavelengths  fit  into  the  junction,  the  current  reverses  direction  twice,  and 
again  there  is  a  net  current  through  the  junction.  The  total  current  is  not  as  large  as  it  is  in 
Fig.  2.5(a)  and  Fig.  2.5(b). 

Let's  now  suppose  the  applied  magnetic  field  Hg  lying  in  a  general  direction  in  the 
x-y  plane  so  that  He  =  (H^^  +  Hy2)i/2,  =  HgCosa,  Hy  =  HgSina,  where  a  is  the  angle 

between  the  applied  field  direction  and  the  x  axis,  the  maximum  critical  current  can  be 
expressed  by 


Io( 


<I>„ 


sin[TC(0/^>o)cosa] 

sin[7t(0/<I>(,)(w/L)sina] 

^0 

7i:(<E>/^>o)cosa 

7t(0/^)o)(w/L)sina 

(2.29) 


where  O  =  HgLd  and  w  is  the  width  of  the  junction.  Thus  a  field  applied  to  the  junction, 
which  has  nonzero  components  along  the  x  and  y  direction,  leads  to  a  the  magnetic  field 
dependence  of  the  maximum  critical  current  given  by  the  product  of  two  Fraunhofer 
patterns. 

In  a  real  junction  it  is  important  to  take  into  account  effects  of  the  Josephson  current 
density  distribution  due  to  nonuniform  tunneling  barriers.  Barone  et  al.  [92]  has 
investigated  the  critical  current  versus  magnetic  field  patterns  for  various  current  density 
profiles  from  both  the  theoretical  and  the  experimental  points  of  view.  The  calculation  is 
tedious,  however  no  new  physics  is  involved.  For  the  details  the  readers  is  referred  to  the 
reference  cited  above.  For  different  current  distribution  junctions,  the  common  feature  of 
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Fig.  2.5  The  effect  of  the  magnetic  field  on  the  tunneling  currents  in  an  uniform 
junction.  In  each  case  the  current  is  adjusted  to  its  maximum  value.  As 
the  enclosed  magnetic  flux  in  the  junction  increases,  the  resulting  phase 
shifts  along  the  junction  leads  to  a  reduction  of  the  maximum  zero- voltage 

current  up  to  d>/<E>o  =1-  From  D.N.  Langenberg  et  al. 


the  Iq  versus  magnetic  field  patterns  is  that  the  critical  current  oscillates  as  a  function  of 
magnetic  field  with  a  period  of  just  like  the  uniform  current  distribution  case  discussed 

earlier. 

Another  situation  in  which  quantum  coherence  effects  are  important  is  the 
superconducting  ring  containing  a  weak  link.  A  weak  link  can  be  formed  in  a  thin 
insulating  layer  between  two  superconducting  surfaces  (an  SIS  junction),  across  a  thin 
normal  region  between  two  superconductors  (an  SNS  or  proximity  junction),  across  a 
narrow  constriction  on  a  superconducting  path  (a  microbridge)  or  across  a  junction  made 
by  pressing  a  superconducting  point  onto  another  superconductor  (a  point  contact 
junction).  The  current  through  such  a  junction  is  described  by  the  Josephson  current-phase 
relationship,  I  =  loSinG,  where  6  is  the  phase  difference  of  the  superconducting  wave 
function  across  the  weak  link.  If  a  current  path  is  taken  well  inside  the  bulk  of 
superconductor  on  either  side  of  the  junction,,  continuity  of  the  phase  of  the 
superconducting  wave  function  requires  that  2n7t  =  0  +  27U^>/Oo,  where  <I)  is  the  magnetic 
flux  within  the  ring.  The  circulating  supercurrent  can  therefore  be  expressed  as  I  = 
-IoSin(27t<I>/<I>o). 

We  now  consider  a  superconducting  loop  interrupted  by  two  weak  links  or, 
equivalently,  two  junctions  in  parallel.  For  simplicity,  assuming  two  junctions  are  identical 
with  critical  current  Iq,  the  total  current  flowing  into  the  device  is  given  by  Io[sinei 
-i-sin62].  Using  the  relation  0  =  0i  -  02  =  2n7t:  -  27t<I>/<I>o  and  assuming  the  loop  inductance 
is  negligible,  one  can  write  the  total  current  through  the  loop  as  the  following  form 

sin7t(l)j 

V  =  2^0  !cOS7C(t)el,  ^2.30) 

where  (t)e  =  Oe/^>o;  <1);  =  is  the  magnetic  flux  enclosed  by  the  superconducting 

loop  and  ^>j  is  the  magnetic  flux  enclosed  by  the  junction  or  weak  link.  Qualitatively 
speaking,  the  maximum  current  exhibits  oscillations  as  the  phase  is  modulated  by  an 
external  magnetic  field.  The  periodicity  is  the  flux  quantum  <I>o.  There  is  a  very  close 


formal  similarity  between  this  and  the  familiar  double-sli^ference  pattern  in  optics.  The 
overall  envelop  is  modulated  by  the  diffraction  pattern  from  quantum  interference  in  the 
individual  junctions  themselves.  If  the  flux  d>j  threading  the  Junction  is  negligible,  then  Eq. 
(2.30)  reduces  to  Io(<t>e)  =  2Iolcos7i(t)gl.  The  critical  current  varies  between  0  and  2Io  as  the 
phase  is  modulated  by  the  magnetic  field. 

In  the  case  of  two  Junctions  with  different  values  of  the  critical  current  (say  and 
I),),  the  critical  current  of  the  superconducting  loop  can  be  written  as  [93] 


sin7t<!)^ 

7t4)j 


1(2  -  ri)cosTt0e  ■  iTlsintr^gl 


(2.31) 


where  1/(1  -r\ )  =  la/Ib-  When  <J)j  =  0,  Io(<!>e)  =  [  +2IaIbCos2;t(j)e]'^2  critical 

current  varies  between  11^  +  Ibl  and  II^  -  I|jl  as  the  magnetic  flux  changes  from  zero  to  l/2<I>o. 

Now  let's  discuss  the  voltage  response  as  a  function  of  magnetic  field  when  the 
* 

device  is  biased  by  a  dc  current  I.  It  follows  clearly  from  Eq.  (2.25)  that  the  dc  voltage  of  a 
single  Junction  as  a  function  of  magnetic  field  is  in  anti-phase  with  the  critical  current  Ig. 
Whenever  Ig  is  a  minimum,  the  dc  voltage  is  maximum  and  vice  versa.  The  maximum 
voltage  response  occurs  when  the  bias  current  is  Just  above  the  critical  current  of  the 
Junction  (V  =  IR[1  -  (Ig/I)2]i/2).  in  a  two  Junction  loop  case,  for  values  of  the  bias  current 
greater  than  the  critical  current  lo,  the  device  is  in  a  resistive  mode.  The  excess  current  must 
be  carried  by  the  normal  conductance  of  the  two  Junctions,  and  we  have  I  =  Ig((t)e)sin(t)(t)  + 


2V(t)/R  or 

I  =  21gcos(7t0e)sin(t)(t)  +  (2.32) 


For  simplicity  in  analysis,  here  two  identical  Junctions  has  been  assumed  and  the 
contribution  due  to  the  quasi-particles  has  been  neglected.  Carrying  out  similar  to  those  in 
the  section  D,  one  can  obtain 


<V(t)>  =  0 

<V(t)>  =  R/2[l2-Ig2((j)^)]l/2 


forI<Ig((t)e) 

forI>Ig((l)g). 


(2.33) 


Since  Io((t)e)  =  2IoCOsl7t(j)el  in  this  case  and  cos2(7U(t)g)  =  1/2[1  +  cos(27t(t)e)],  see  explicitly 
that  <V(t)>  is  periodic  in  with  period  The  general  physical  picture  is  graphically 
shown  in  Fig.  2.6.  As  shown  in  Fig.  2.6(a)  the  critical  current  for  a  two  junction  loop 
varies  between  as  magnetic  flux  changes  from  nO^  to  (n  +  l/2)Oo.  Therefore 

the  I-V  characteristic  varies  correspondingly  between  the  two  limiting  cases  of  O  =  nd^^ 
and  O  =  (n  +  l/2)<I>o  shown  in  Fig.  2.6(b).  Fig.  2.6(c)  and  Fig.  2.6(d)  show  that  the 
voltage  responses  of  a  two  junction  loop  depends  on  the  values  of  dc  bias  currents  like  in  a 
single  junction  case.  These  results  can  be  understood  in  terms  of  Eq.  (2.33).  The  maximum 
voltage  response  occurs  when  the  bias  current  is  just  above  the  critical  current  of  the 
superconducting  loop.  For  the  bias  current  less  than  initially  there  is  no  voltage 
developed  until  the  critical  current  is  reduced  to  the  values  smaller  than  the  bias  current  as 
the  magnetic  field  increases.  If  the  magnetic  field  increases  to  a  value  such  that  the  magnetic 
flux  in  the  superconducting  loop  is  (l/2)Oo,  then  the  critical  current  of  the  loop  starts  to 
increase  (see  Fig.  2.6(a)),  so  the  voltage  decreases  to  zero  gradually.  These  sequences 
repeat  periodically  with  period  <l>o  as  the  magnetic  field  increases.  For  the  bias  current 
much  larger  than  In,ax>  the  voltage  response  is  approximately  equal  to  (1/2)IR.  It  follows 
that  the  voltage  response  has  less  magnetic  field  dependence  . 
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Fig.  2.6  (a)  Typical  magnetic  field  dependence  of  the  supercurrent  for  a  two 
junction  loop,  (b)  Current-voltage  characteristic  in  the  two  limiting 

conditions  (O  =  n<l>o  and  O  =  (n-i-l/2)Oo).  (c)  The  voltage  response 
varies  at  different  biased  points  indicated  as  dashed  lines,  (d)  Voltage 
response  versus  applied  magnetic  field  for  different  bias  currents 
as  indicated  in  (c). 


CHAPTER  ni 


EXPERIMENTAL  DETAILS 

A.  Sample  Preparation  and  Characterization 

Much  of  the  sample  preparation  and  characterization  were  done  by  Grace  Yong. 
More  detailed  descriptions  of  the  preparation  and  the  characterization  of  single  crystals  will 
be  given  in  her  Ph.D.  dissertation.  Only  a  summary  information  will  be  given  here.  A  self¬ 
flux  method  is  used  to  grow  YBCO  single  crystals  with  a  BaO-CuO  rich  flux  [94-99]. 
Nonstoichiometric  starting  powders  of  Y2O3  (REacton,  1181C,  99.99%),  Ba02  (Baker's 
Analyzed)  and  CuO  (Johnson  Matthey,  99.9%,  200  mesh)  with  a  Y  :  Ba  :  Cu  ratio  of  1:  18 
:  45  (about  10  wt.%  of  Y123  in  the  flux)  were  first  thoroughly  mixed,  then  heated  in  an 
AI2O3  crucible  in  several  steps:  from  room  temperature  to  950  °C  in  20  hours,  to  1010°C 
in  4  more  hours,  and  held  there  for  5  hours.  The  flux  was  then  slowly  cooled  to  970  °C  in 
8  hours,  further  cooled  to  890  "C  at  a  rate  of  0.8  °C/hr,  and  to  500  °C  in  3  hours.  Finally, 
the  material  was  cooled  down  naturally  to  room  temperature  by  shutting  off  the  furnace. 
The  temperature  of  the  furnace  was  monitored  by  a  thermocouple.  The  material  was  in  a 
flowing  oxygen  atmosphere  at  a  flowing  rate  of  55  c.c./min  during  the  entire  process.  It 
has  been  found  that  the  as-grown  crystals  are  typically  oxygen  deficient  with  the 
superconducting  properties  of  as-grown  crystals  being  improved  by  post  annealing  in 
flowing  oxygen  at  one  atmospheric  pressure  [100-102].  Since  the  tetragonal  phase 
undergoes  a  transition  to  the  orthorhombic  phase  by  absorbing  oxygen  starting  at  ~  640  "C 
and  continues  to  absorb  O2  down  to  approximately  400  °C,  single  crystals  were  usually 
annealed  in  O2  at  500  “C  for  4  days.  If  a  YBa2Cu307.5  sample  is  properly  oxidized,  it  has 
the  orthorhombic  structure  and  has  a  Tc  of  about  90  K. 
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Sample  structures  were  characterized  by  the  X-ray  diffraction  (XRD)  technique.  It 
should  be  noted  that  the  mean  oxygen  content  is  difficult  to  determine  from  the  X-ray  data 
because  of  the  small  X-ray  scattering  cross  section  of  oxygen. 

For  making  electrical  contacts,  two  silver  pads  with  1  pm  thickness  were  deposited 
by  e-beam  evaporation  onto  each  of  the  two  opposite  surfaces  (parallel  to  the  a^-planes)  of 
the  single  crystal.  Electrical  contacts  were  made  by  attaching  gold  wires  to  the  silver  pads 
with  appropriate  amount  of  silver  epoxy.  To  get  low  contact  resistances,  the  sample  with 
contacts  was  annealed  in  O2  at  500  °C  for  5  hours.  Typically,  if  properly  done,  the  contact 
resistance  was  on  the  order  of  0.1-Q  at  room  temperature.  It  should  be  emphasized  that 
positions  of  the  silver  pads  are  extremely  important.  If  the  contacts  are  not  properly 
arranged,  measurements  may  yield  erroneous  information.  For  example,  the  two  voltage 
contacts  should  be  as  close  as  possible  to  the  two  current  contacts  in  a  four-probe 
measurement  so  that  each  pair  of  voltage  and  current  contacts  can  be  at  the  same 
equipotential  line.  In  our  experiments,  a  dc  current  should  be  in  the  c-axis  direction, 
therefore  the  two  silver  pads  on  the  top  surface  of  the  sample  were  deposited  directly  above 
those  on  the  bottom  surface.  To  improve  the  current  distribution,  we  have  also  used  a  two- 
contact  arrangement.  In  this  arrangement,  two  silver  layers  each  1  }im  in  thickness  were  e- 
beam  evaporated  to  cover  the  entire  top  and  bottom  surfaces.  The  improvement  in  the 
current  distribution  is  at  the  expense  of  including  the  contact  resistances  in  the  voltage 
measurement.  It  turns  out,  the  error  due  to  the  silver  layer  is  not  significant  and  it  can  be 
corrected  by  examining  the  I-V  characteristics  of  the  sample. 

B.  Current  -Voltage  Measurements 

Normally,  the  I-V  characteristics  as  well  as  the  resistance  of  a  sample  can  be 
measured  by  using  a  conventional  four-contact  arrangement  shown  in  Fig.  3.1(a),  in  which 
contacts  E  and  F  are  connected  to  a  bias  current  source  and  contacts  B  and  C  are  connected 
to  the  leads  for  voltage  measurements.  For  a  highly  anisotropic  material,  this  four-probe 
method  may  lead  to  erroneous  results.  Let's  consider  a  particular  case  in  which  a  sample 
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with  four  contacts  is  represented  by  a  square  resistance  network  as  shown  in  Fig.  3.1(b), 
where  rab  is  the  resistance  of  each  surface  in  the  a^-plane,  rc  is  the  resistance  on  each  side 
of  the  sample  in  the  c-axis  direction,  and  Rb,  Rc,  Re,  Rf  are  four  contact  resistances.  A 
simple  analysis  would  show  that  for  an  external  current  I  flowing  in  and  out  of  E  and  F,  the 
voltage  measured  between  B  and  C  gives  a  resistance  V/I  =  rc2/2(rab  +  fc)  which  is  less  than 
the  expected  resistance  in  the  c-axis,  xjl.  As  mentioned  earlier,  to  avoid  this  experimental 
error  in  a  four-probe  measurement,  the  current  and  the  voltage  contacts  should  be  placed  as 
closely  as  possible  to  reduce  rab-  Alternatively,  one  can  use  a  two-contact,  four-lead 
arrangement  in  which  a  current  and  a  voltage  leads  share  one  contact  on  each  side  of 
sample.  However,  the  voltage  measurement  in  this  arrangement  may  contain  errors  arising 
from  the  contact  resistances.  In  some  cases,  the  additional  contact  resistance  can  be 
measured  by  using  a  three-contact,  four-lead  arrangement  and  be  subtracted  out. 

A  low-noise  home-built  battery-operated  dc  current  source  was  used  to  bias  a 
sample.  A  schematic  circuit  diagram  for  the  I-V  measurements  is  shown  in  Fig.  3.2.  A 
variable  dc  current  was  supplied  by  a  12-V  car  battery  connected  in  series  with  a  50-f2 
ten-turn  helipot  which  served  as  a  voltage  controller.  The  maximum  current  is  mainly 
determined  by  the  series  resistance  Rs-  This  current  source  has  much  less  noise  than  a 
commercially  available  ac-operated  dc  source.  One  disadvantage  is  that  the  current  can  not 
go  beyond  1.5  A  because  of  the  voltage  limitation  of  a  battery  and  Joule  heating  in  the 
resistors.  At  low  current  levels,  it  is  an  excellent  constant  current  source.  The  entire  circuit 
is  electrically  floated  and  properly  shielded  to  prevent  noise  pickups  from  any  ground  loop. 
By  selecting  an  appropriate  ratio  of  Rsh  to  Ri,  it  is  possible  to  have  a  stable  current  of  1  nA 
or  less.  Currents  are  determined  by  measuring  the  voltages  across  a  precision  resistor  in 
series.  Voltage  measurements  are  made  either  directly  by  an  X-Y  recorder  (HP  7047 A) 
alone  or  first  amplified  by  a  nanovoltmeter,  Keithley  180,  which  has  a  sensitivity  of  about 
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C.  Microwave-Induced-dc- Voltage  Measurements 

A  Hewlett  Packard  8690B  sweep  oscillator  with  an  8.0-12.4  GHz  plug-in  unit  (HP 
8694  A)  serves  as  the  microwave  source.  This  system  has  a  peak  output  power  of 
approximately  10  mW.  The  microwave  power  can  be  continuously  varied  externally  by 
tuning  an  attenuator  (HP  X382A).  The  incident  power  is  measured  by  a  power  meter  (HP 
43 1C).  The  X-band  waveguide  is  surrounded  by  a  double-glass-dewar  system.  A 
schematic  diagram  of  the  double-glass-dewar  cryogenic  system  is  shown  in  Fig.  3.3.  The 
temperature  of  the  sample  can  be  changed  from  300  K  to  77  K  by  simply  transferring  the 
liquid  nitrogen  into  the  outer  glass  dewar.  By  transferring  liquid  nitrogen  into  the  inner 
dewar  and  slowly  pumping  on  liquid  nitrogen  bath,  the  temperature  can  be  lowered  to  65 
K.  To  obtain  temperature  stability  above  77  K,  liquid  nitrogen  in  the  inner  dewar  is 
replaced  by  liquid  oxygen.  With  a  sample  immersed  in  liquid  oxygen,  the  temperature  can 
be  varied  from  55  K  to  90  K  by  varying  the  vapor  pressure  above  the  liquid  level. 

A  YBa2Cu307.5  single  crystal  with  dimensions  of  1  mm  x  1  mm  x  0. 1  mm  was 

first  taped  securely  onto  a  thin  glass  plate  which  was  then  mounted  inside  near  the  end  of 
an  X-band  (8-12  GHz)  waveguide  such  that  the  microwave  H  field  is  in  the  a^7-planes  and 
the  E-field  parallel  to  the  c-axis  of  the  single  crystal  sample  as  shown  in  Fig.  3.4.  By 
moving  the  adjustable  end  of  the  waveguide,  one  can  effectively  change  the  sample  position 
with  respect  to  the  E-  and  H-fields  of  microwaves.  Since  the  maxima  of  the  microwave  E- 
and  H-fields  are  separated  by  one  quarter  wavelength  near  the  end  of  the  waveguide,  the 
single  crystal  sample  can  be  coupled  to  the  E-  or  H-field  of  the  microwaves  selectively  by 
moving  the  adjustable  end.  All  the  electrical  leads  near  the  sample  were  firmly  clipped 
down  to  prevent  any  vibrations.  Besides  that,  each  pair  of  electrical  leads  were  twisted  and 
separated  physically  to  reduce  any  inductive  pickup.  Microwave  induced  dc  voltages  in  a 
single  crystal  were  measured  along  its  c-axis  with  or  without  a  dc  bias  current.  The 
induced  dc  voltage  is  on  the  order  of  fiV  or  less,  sometimes,  not  too  far  above  the  noise 
level  of  the  nanovoltmeter  (30  nV)  or  the  random  drift  of  the  X-Y  recorder  (50  nV).  To 


Fig.  3.3  A  schematic  diagram  of  the  double-glass-dewar  cryogenic  system. 


avoid  the  thermal  voltage  background  and  to  improve  the  sensitivity,  a  phase-sensitive 
modulation  technique  was  employed.  The  microwave  power  was  modulated  externally  by 
directly  applying  an  ac  voltage  across  a  ferrite  modulator  inserted  in  series  and  the  induced 
voltages  were  detected  at  the  modulation  frequency  by  using  a  lock-in  amplifier  (EG&G 
model  5301  A).  A  block  diagram  of  the  experimental  setup  is  shown  in  Fig.  3.5.  The  phase 
adjustment  was  done  according  to  the  phase  of  ac  voltage  across  the  modulator  by 
assuming  that  the  voltage  response  is  in  phase  with  the  microwave  power  modulation.  The 
results  have  turned  out  to  be  in  good  agreement  with  those  obtained  by  the  direct  dc  voltage 
measurements  without  modulation  to  be  shown  in  Chapter  IV.  This  technique  allows  us  to 
detect  an  effect  as  small  as  0.2  nV,  two  orders  of  magnitude  more  sensitive  than  the  direct 
dc  measurements.  The  other  advantage  of  this  technique  is  to  remove  the  normal  state 
background  voltage  in  a  biased  case  so  that  only  the  effect  due  to  microwaves  will  be 
measured. 

D.  Magnetic  Interference  Measurements 

The  principle  of  this  experiment  is  somewhat  similar  to  that  of  a  SQUID 
(Superconducting  QUantum  Interference  Device)  magnetometer  consisting  of  a  loop  of 
small  inductance  and  either  one  or  two  Josephson  junctions.  It  is  based  on  the  property  that 
the  critical  current  of  Josephson  junction  is  a  periodic  function  of  magnetic  field  with  a 
period  of  Og,  the  magnetic  flux  quantum.  When  the  critical  current  Iq  of  a  Josephson 
junction  is  modulated  by  an  external  magnetic  field,  it  also  changes  the  I-V  characteristics 
of  the  junction.  This  causes,  in  turn,  a  modulation  of  the  voltage  across  the  junction  when  a 
junction  is  biased  at  a  fixed  current  slightly  above  Iq.  Since  the  period  of  modulation  Og  is 
related  to  the  dimensions  of  a  junction,  one  can  estimate  the  junction  dimensions  from  the 
measured  field  period. 

In  this  experiment,  a  single  crystal  sample  was  mounted  on  a  copper  block  on  a 
sample  holder  inserted  into  a  double-glass-dewar  system  similar  to  the  arrangement  in  the 
microwave  experiments.  A  |i-metal  shield  was  placed  around  the  outer  nitrogen  dewar  to 
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Fig.  3.5  Block  diagram  of  the  microwave  induced  dc  voltage  measurements. 


shield  the  sample  from  earth's  magnetic  field  as  well  as  any  other  stray  magnetic  fields. 
Two  sets  of  coils  mutually  perpendicular  to  each  other  were  placed  within  the  magnetic 
shield  to  produce  magnetic  fields  in  the  vertical  as  well  as  the  horizontal  directions.  The 
sample  was  first  biased  at  a  constant  dc  current  slightly  above  Iq  in  the  c-axis  direction  so 
that  a  small  dc  voltage  started  to  develop  and  then  a  dc  magnetic  field  parallel  to  the  ab- 
planes  of  the  single  crystal  was  varied  to  search  for  an  effect.  Typically,  since  the  changes 
in  the  voltage  were  not  much  greater  than  the  noise  level  and/or  the  drift  of  the  meters,  a 
more  sensitive  modulation  technique  was  needed  to  study  the  effect  of  magnetic  field.  We 
have  used  a  small-amplitude,  low-frequency  (10-20  Hz)  modulation  field  applied 
perpendicular  to  the  dc  magnetic  field  to  probe  the  voltage  changes.  The  voltage  changes 
were  detected  at  the  modulation  frequency  by  using  a  lock-in  amplifier  (EG&G  model 
5301  A).  The  phase  adjustment  was  done  according  to  the  phase  of  the  low  frequency 
modulation  field.  This  technique  is  different  from  the  usual  modulation  method  in  which 
both  the  ac  and  the  dc  magnetic  fields  are  in  the  same  direction.  Using  the  usual  technique, 
one  would  obtain  a  derivative  measurement.  The  purpose  of  our  low  frequency  ac  field  is 
only  to  produce  a  change  in  the  critical  current  not  to  modulate  magnetic  field  for  which  the 
dc  field  dependence  is  studied.  In  addition  to  this  special  modulation  technique,  there  are 
several  considerations  of  the  experimental  conditions.  First  of  all,  the  electrical  leads  should 
be  properly  arranged  to  avoid  any  inductive  pickup  from  the  modulation  field  and  from  the 
60-Hz  noise.  Properly  done,  the  sensitivity  of  such  measurements  is  about  0.2  nV. 
Secondly,  the  sample  should  be  properly  cooled  to  prevent  it  from  trapping  flux  caused  by 
a  thermal  current.  Finally,  one  needs  to  find  out  the  optimal  conditions  in  temperature, 
magnetic  field,  and  current  for  observing  the  effect  as  will  be  shown  in  Chapter  V.  This  is 
the  most  difficult  part  as  it  requires  intuition,  experience,  and  an  understanding  of  the 
physics  of  the  related  phenomena.  Adjusting  current  and  temperature  to  satisfy  I  >  Iq  and  T 
<  Tc  also  requires  a  great  deal  of  patience. 


CHAPTER  IV 


MICROWAVE  INDUCED  DC  VOLTAGES  IN  YBCO  SINGLE  CRYSTALS 

A.  Bolometric  Effects 

The  samples  were  small  (typically  1  mm  x  1  mm  x  0.1  mm)  YBa2Cu307.5 
(YBCO)  single  crystals  prepared  by  the  self-flux  method  described  earlier  (III-A).  The  X- 
ray  diffraction  pattern  has  the  expected  orthorhombic  structure  shown  in  Fig.  4.1.  The 
resistance  along  the  c-axis  of  a  sample  as  a  function  of  temperature  obtained  by  using  a 
conventional  four-probe  arrangement  with  a  low-frequency  (-11.1  Hz)  ac  current  of  1  |iA 
is  shown  in  Fig.  4.2.  The  onset  temperature  of  the  superconducting  transition  is  90  K  and 
the  midpoint  (half  resistance)  of  the  transition  is  about  87  K.  In  order  to  have  a  more 
uniform  current  distribution  and  to  have  the  two  voltage  contacts  at  the  same  equipotential 
levels  as  the  two  current  contacts  (discussed  in  III-A  and  B),  two  silver  layers  of 
approximately  1  |im  thickness  were  deposited  onto  the  two  opposite  surfaces  (parallel  to 
the  aZ?-planes)  of  a  sample.  These  two  silver  layers  and  the  corresponding  interfaces  with 
the  sample  surfaces  introduce  additional  resistances  in  series,  contributing  to  a  nonzero 
background  resistance  seen  below  the  transition.  The  resistance  above  the  transition 
temperature  shows  the  typical  inverse  temperature  dependence  after  the  background 
resistance  is  subtracted  from  the  total  resistance. 

In  this  experiment,  a  dc-biased  single  crystal  was  placed  in  a  microwave  waveguide 
with  its  c-axis  in  the  direction  of  the  microwave  E-field  and  the  a£>-planes  parallel  to  the  H- 
field.  (See  Fig.  3.4  and  discussions  in  III-C.)  A  typical  microwave  induced  dc  voltage, 
6V,  is  shown  in  Fig.  4.3.  It  exhibits  a  peak  at  89  K,  just  below  the  onset  temperature  of  90 
K.  It  turns  out  that  for  a  small  dc  bias  this  peak  structure  matches  well  with  the  temperature 
derivative  as  shown  in  Fig.  4.4.  Namely  the  peak  of  6V  and  that  of  dR/dT  occur  at  the 
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temperature  dependence  of  the  resistance  along  the  c-axis  for  a  YBCO  single  crystal. 


same  temperature.  In  addition,  the  peak  height  of  6V  is  nearly  proportional  to  the  incident 
microwave  power.  This  result  can  be  understood  in  terms  of  a  simple  bolometric  effect  in 
which  the  excess  microwave  induced  voltage  is  due  to  an  excess  resistance  caused  by 
simple  microwave  heating  as  follows 

5V(T)  =  I5R(T)  =  I(^®)6T.  (4.  l) 

It  is  reasonable  to  assume  that  the  temperature  changes  due  to  heating  would  be 
proportional  to  the  microwave  power,  at  least  at  low  power  levels.  The  amount  of  heating, 
6T,  can  be  estimated  from  6V  and  dR/dT.  For  the  case  shown  in  Fig.  4.3,  6T  is  of  the 
order  of  10  mK  which  is  only  a  small  perturbation  at  89  K. 

Microwave  induced  dc  voltages  have  also  been  investigated  as  a  function  of  bias 
current  as  shown  in  Fig.  4.5.  A  5V-vs-I  curve  also  exhibits  a  peak  which  shifts  toward  a 
lower  I  value  as  microwave  power  increases.  Comparing  the  peak  positions  with  the  I-V 
characteristics  of  the  sample,  we  have  found  that  the  peak  occurs  near  the  critical  current  Iq 
of  the  sample.  It  is  also  noticed  in  Fig.  4.5  that  the  peak  height  increases  with  increasing 
microwave  power.  This  peak  structure  in  the  5V  versus  I  can  be  qualitatively  understood 
by  considering  the  I-V  characteristic  of  the  sample  shown  as  the  inset  of  Fig.  4.5.  If  the 
microwaves  cause  a  small  reduction  in  the  critical  current,  it  can  lead  to  an  increment  in 
voltage  approximately  given  by 

6V  =  (^)5lo(P),  (4.2) 

where  dV(I)/dI  is  the  dynamic  resistance  at  I  and  5lo(P)  is  the  reduction  in  lo  caused  by 
microwaves  of  power  P.  The  peak  structure  arises  from  the  peak  in  the  dV(I)/dI  for  I  =  Iq 
and  the  power  dependence  comes  from  5lo(P). 

One  can  also  estimate  the  responsivity  defined  as  the  induced  voltage  per 
microwave  power,  S  =  5V/P.  For  the  results  shown  in  Fig.  4.5,  the  powers  indicated  are 
those  of  the  incident  microwaves.  The  actual  powers  were  much  lower  because  of  the  small 


sample  size  and  only  a  fraction  of  microwave  power  was  modulated  in  the  lock-in  detecting 
scheme.  For  a  set  of  6V  versus  I  data  at  P  =  7  mW  shown  in  Fig.  4.5,  the  actual 
microwave  power  irradiated  on  the  sample  is  estimated  to  be  2.3  x  lO'^  W  due  to  an 
impedance  mismatch  of  two  orders  of  magnitude  and  a  modulation  level  of  1/3  of  the 
incident  power.  The  corresponding  responsivity  at  the  peak  is  S  =  7  x  lO'^  V/2.3  x  lO’^ 
W  =  30  V/W.  Our  lock-in  detecting  scheme  can  detect  a  voltage  signal  of  0.2  nV  which  is 
approximately  equivalent  to  a  6.7  x  lO'^^  w  of  microwave  power. 

Microwaves  can  also  induce  a  dc  voltage  in  a  current-biased  YBCO  single  crystal  at 
T  >  Tc.  However,  the  induced  dc  voltages  versus  bias  current  have  a  totally  different 
behavior.  They  are  simply  linear  at  all  levels  of  microwave  power  as  shown  in  Fig.  4.6. 
The  negative  slopes  as  well  as  the  power  dependence  can  be  easily  understood  in  terms  of 
simple  heating.  Recall  that  the  temperature  dependence  of  the  resistance  in  the  c-axis 
direction  is  R  oc  1/T.  If  the  microwave  absorption  by  a  normal  metal  causes  a  simple 
heating  of  6T  «  5P,  one  expects  from  6R  =  (dR/dT)5T  an  induced  voltage  of  5V  =  I6R  = 
I(dR/dT)6T  which  predicts  a  power-dependent  negative  slope  in  the  5V-vs-I  plot.  This  is 
exactly  the  behavior  observed  in  Fig.  4.6.  Thus,  the  microwave  induced  dc  voltages  in  a 
YBCO  single  crystal  along  the  c-axis  can  be  described  by  two  terms, 


8V  =  ^8I, 


+  I#8T. 
dT 


(4.3) 


The  first  term  dominates  when  the  sample  is  in  the  superconducting  state  where  5lo  is 
microwave  power  dependent  and  dV/dl  has  a  peak  structure  when  I  =  Iq.  The  second  term 
is  simply  related  to  the  resistance  change  caused  by  heating.  Two  terms  have  contrasting 
behaviors  (see  Figs  4.5  and  4.6)  allowing  us  to  distinguish  a  superconductor  from  a 
normal  metal.  Thus,  a  simple  5V  versus  I  experiment  with  microwave  radiation  can  be  used 
to  investigate  a  sharp  resistance  transition  to  see  if  it  is  a  superconducting  transition.  As  an 
example,  a  set  of  6V  versus  I  curves  for  temperature  near  Tc  are  shown  in  Fig.  4.7.  We  see 
that  for  T  =  95.2  K,  the  8V  versus  I  is  a  straight  line.  As  the  temperature  is  lower. 
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Fig.  4.5  Microwave  induced  dc  voltage  versus  bias  current  for  various  values  of  incident  microwi 
power  at  a  temperature  below  Tc.  The  inset  is  the  I-V  characteristic  of  a  YBCO  single  crj 
at  the  corresponding  temperature. 


Microwave  induced  dc  voltage  versus  bias  current  for  various  values  of  incident  microwave 
power  at  a  temperature  above  Tc- 


nonlinearity  occurs  and  a  broad  peak  develops  at  90.7  K.  The  onset  temperature  of 
superconductivity  can  be  estimated  to  be  93  K,  higher  than  the  90  K  from  the  resistance 
measurement. 

B.  Microwave  Induced  Voltages  due  to  Flow  of  Josephson  Vortices 

As  described  in  an  earlier  section  (II-C),  microwaves  can  induce  a  dc  voltage  across 
a  Josephson  junction  even  when  a  junction  is  not  biased  by  an  external  current.  This  is 
called  the  inverse  ac  Josephson  effect.  We  have  used  this  effect  to  search  for  Josephson 
junctions  within  a  single  crystal  of  YBCO.  Such  an  effect  is  indeed  observed.  A  typical 
microwave  induced  voltage  versus  frequency  for  an  unbiased  YBCO  single  crystal  in  the  c- 
axis  is  shown  in  Fig.  4.8.  The  induced  voltage  as  a  function  of  frequency  exhibits  an 
oscillatory  behavior  including  both  positive  and  negative  polarities.  The  observed  polarity 
reversal  and  oscillatory  behavior  rule  out  an  artifact  such  as  rectification  or  differential 
heating  arising  from  any  nonuniformity  in  the  sample  as  a  source  of  the  microwave  induced 
voltages.  On  the  other  hand,  the  observed  oscillatory  and  polarity  reversal  properties  of  the 
induced  voltages  as  a  function  of  microwave  frequency  and  power  are  consistent  with  the 
inverse  ac  Josephson  effect  in  which  the  induced  dc  voltage  is  related  to  the  Bessel  function 
behavior  [70]. 

In  order  to  understand  how  microwaves  are  coupled  to  a  sample  and  to  find  out  the 
roles  of  the  E-  and  H-fields  in  inducing  the  dc  voltages,  we  have  utilized  the  standing  wave 
patterns  of  the  E-  and  H-fields  in  a  rectangular  waveguide  (see  Fig.  3.4)  to  investigate  the 
induced  voltage  as  a  function  of  sample  position  with  respect  to  the  end  of  the  waveguide. 
An  example  of  the  results  is  shown  in  Fig.  4.9  in  which  the  microwave  induced  dc 
voltage  across  an  unbiased  Y^CO  single  crystal  in  the  c-axis  direction  clearly  shows  a 
standing  wave  pattern  with  both  positive  and  negative  polarities.  This  again  rules  out  a 
simple  rectification  as  the  source.  To  avoid  picking  up  a  thermal  voltage  background  and  to 
improve  the  sensitivity,  we  have  also  used  a  phase-sensitive  detecting  scheme  described 
earlier  (III-C)  to  study  this  effect.  The  voltage  signal  corresponding  to  a  30  %  amplitude 


Microwave  induced  dc  voltage  versus  sample  position  in  an  X-band  waveguide.  The  voltage 
is  along  the  c  axis  of  a  YBCO  single  crystal  without  a  dc  bias  current. 


Fig.  4. 1 0  Similar  results  (referred  to  Fig.  4.9)  obtained  by  using  a  microwave  amplitude  modulation 
technique. 


modulation  is  shown  in  Fig.  4.10.  A  direct  correlation  between  Figs  4.9  and  4.10  is 
apparent.  The  voltage  amplitude  in  Fig.  4.10  is  about  30  %  of  that  in  Fig.  4.9  because  only 
about  30  %  of  microwave  amplitude  is  modulated. 

Figures  4.9  and  4.10  show  that  the  distance  between  the  two  adjacent  peaks  is 
about  1.5  cm.  By  taking  into  account  the  dielectric  constant  of  liquid  nitrogen  and  the 
dispersion  relation  of  the  waveguide,  the  wavelength  of  the  microwave  in  the  X-band 
waveguide  is  calculated  to  be  3.05  cm  at  9.8  GHz.  This  means  the  observed  spatial  period 
of  the  induced  voltage  is  only  one-half  of  the  microwave  wavelength.  This  suggests  that  the 
pattern  is  related  to  a  product  of  the  microwave  E-  and  H-fields.  To  see  if  the  patterns  of  the 
induced  voltages  are  indeed  medium  related,  we  have  performed  the  experiments  with  the 
sample  in  liquid  oxygen,  in  nitrogen  gas,  and  in  oxygen  gas.  In  each  case,  the  spacings 
between  the  two  adjacent  peaks  are  one-half  of  the  wavelength  and  the  spacings  vary 
according  to  the  changes  in  the  dielectric  constants.  An  example  of  the  dispersion  relation 
taken  from  twice  the  spacing  is  shown  in  Fig.  4.11.  It  is  in  good  agreement  with  the 
theoretical  formula  for  the  dispersion  relation  of  an  X-band  rectangular  waveguide,  k=  [co^- 
Q)^2]i/2£i/2/c^  where  co^  is  the  cutoff  angular  frequency  of  the  waveguide,  k  the  wavevector, 
and  8  the  dielectric  constant.  It  is  noted  that  the  peak  positions  of  the  induced  voltage  do 
not  always  coincide  with  those  of  the  maximum  E-  and  H-fields  as  will  be  discussed  later. 

The  effects  of  a  bias  current  are  shown  in  Fig.  4.12.  First,  when  the  bias  current 
increases,  the  positions  of  the  peaks  shift  toward  those  of  the  H-field  maxima.  Second,  the 
peak  heights  grow  in  the  direction  of  the  bias  current.  This  second  effect  can  be  seen  more 
clearly  in  the  higher  current  regime  as  shown  in  Fig.  4.13  which  indicates  that  the  entire 
voltage  patterns  have  the  same  signs  as  the  currents. 

It  should  be  noted  that  microwaves  can  not  induced  a  dc  voltage  in  a  conventional 
bulk  superconductor  without  an  external  bias  current.  Even  with  a  bias  current,  an  external 
magnetic  field  is  required  for  inducing  a  dc  voltage  associated  with  flux  flow.  One  possible 
explanation  for  the  observed  microwave  effects  in  the  YBCO  single  crystals  is  that 
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Fig.  4. 1 1  The  dispersion  relation  of  the  X-band  waveguide  in  liquid  oxygen  (the  closed  squares  are 
experimental  data  and  the  solid  line  is  a  theoretical  curve). 


Microwave  induced  dc  voltage  versus  sample  position  for  various  bias  currents  tdong  the  c 
axis  of  a  YBCO  single  crystal. 


Fig.  4. 1 3  Microwave  induced  dc  voltage  versus  sample  position  in  a  high-current  regime. 


there  are  Josephson  junctions  within  a  single-crystal  sample.  The  result  that  microwaves 
can  induce  a  dc  voltage  in  a  Josephson  junction  in  the  absence  of  both  a  bias  current  and  an 
external  magnetic  field  has  been  observed  under  several  conditions.  For  a  Josephson 
junction  which  has  a  spatially  uniform  phase  (short  junction  without  a  magnetic  field 
present),  microwave  radiation  of  frequency  v  can  produce  quantized  dc  voltages,  V= 
nhv/2e,  known  as  Shapiro  steps.  These  steps  voltages  can  occur  whether  a  junction  is 
biased  by  a  current  or  not.  The  so-called  inverse  ac  Josephson  effect  can  occur  when  a 
junction  is  not  biased  by  an  external  current.  If  the  phase  of  a  Josephson  junction  is  not 
uniform  (e.g.,  due  to  an  external  magnetic  field,  a  self-generated  magnetic  field  associated 
with  the  current,  or  other  source  of  spatial  nonuniformity),  the  induced  dc  voltage  need  not 
be  quantized.  The  induced  voltage  in  this  case  comes  from  the  phase  propagation  given  by 


"26  2e^ax^^at^’ 


(4.4) 


where  (d<^/dx)  is  related  to  the  total  internal  field  and  (dxJdt)  is  the  phase  speed  determined 


by  the  Lorentz  force  inside. 


(i)  With  a  Bias  Current 

Let's  consider  the  situation  where  the  sample  is  coupled  to  the  microwave  H-field 
and  there  is  a  bias  current.  If  the  amplitude  Hq  of  microwave  H-field  exceeds  a  threshold 
for  generating  a  flux  quantum,  Josephson  vortices  or  antivortices  can  be  generated  in  the 
junction  [103].  In  the  presence  of  a  bias  current,  these  vortices/antivortices  can  be  driven 
into  motion  in  opposite  directions,  producing  a  dc  voltage  which  has  the  same  polarity  as 
the  bias  current  I.  Qualitatively,  since  0(j)/3x  oc  IHI  and  dx/3t  »=  I,  thus  V  oc  IHII.  This 


qualitatively  describes  the  observed  patterns  shown  in  Fig.  4.13  where  the  induced 
voltages  have  maxima  near  the  maxima  of  the  H-fields  and  the  polarity  of  the  induced 
voltage  is  the  same  as  that  of  the  bias  current. 

(ii)  Without  a  Bias  Current 


If  no  bias  current  is  present,  the  vortices  generated  by  the  microwave  H-field  can 
not  propagate  without  also  being  coupled  to  the  microwave  E-field  because  of  the  lack  of  a 
Lorentz  force.  Hence  at  the  positions  of  the  H-field  maxima  where  the  E-field  is  zero,  no 
induced  voltage  is  expected.  Where  the  microwave  E-field  is  not  zero,  an  internal  current 

—t  —t 

within  the  junction  can  be  generated  according  to  J  =  aE,  which  in  turn  can  produce  a 
Lorentz  force  in  the  direction  of  J  x  H  or  E  x  H .  In  the  free  space,  E  and  H  are  in  phase; 
but  in  a  Josephson  junction,  because  of  different  Josephson  phase  relationships  with  the  E- 
and  the  H-fields,  there  can  be  a  phase  difference  between  the  E-  and  H-fields.  Assuming 
that  E  =  EoSin(27Cx/L-(-0)sin((Ot)  and  H  =  HoCOs(27Cx/L)sin((0t),  the  induced  dc  voltage  can 
have  the  form  of  V  «:  EoHoSin(27rx/L4-0)cos(27rx/L).  The  actual  pattern  would  depend  on 
the  phase  0.  Thus,  it  can  have  both  positive  and  negative  polarities  as  x  is  varied.  It  can 
also  be  entirely  positive  or  negative  and  the  positions  of  the  maxima  and  the  minima  would 
depend  on  the  value  of  0. 

In  summary,  the  microwave  induced  dc  voltage  for  both  the  biased  and  unbiased 
cases  can  be  qualitatively  understood  in  terms  of  Josephson  effects  within  the  single 
crystal. 


CHAPTER  V 


MAGNETIC  INTERFERENCE  EFFECTS  IN  YBCO  SINGLE  CRYSTALS 
A.  Experimental  Results 

Theoretically  if  a  sample  consists  of  many  Josephson  junctions  in  series,  multiple 
branches  can  exist  in  the  I-V  characteristic  of  the  sample.  Furthermore,  the  critical  current 
or  currents  (if  not  identical  for  all  internal  junctions)  should  be  an  oscillatory  function  of  the 
dc  magnetic  field.  For  Bi-  and  Tl-based  cuprates,  these  properties  have  indeed  been  found 
[51].  However,  no  such  evidence  had  been  found  for  YBa2Cu307.5.  A  typical  I-V 
characteristic  for  YBCO,  shown  in  the  inset  of  Fig.  5.1,  does  not  clearly  reveal  any  step 
structure.  One  possible  reason  may  be  that  the  superconducting  layers  in  a  YBCO  single 
crystal  are  so  strongly  coupled  that  individual  branches  in  its  I-V  characteristic  can  not  be 
easily  resolved  by  the  simple  dc  measurement  in  which  voltage  drifts  and  noise  (typically 
30  nV  or  greater)  are  greater  than  the  voltage  separation  between  two  adjacent  branches. 
Thus  a  novel  technique  is  required  to  probe  the  possible  existence  of  Josephson  junctions 
within  a  YBCO  single  crystal.  In  this  chapter,  we  will  present  the  results  of  an  experiment 
using  a  special  magnetic  field  modulation  technique  which  shows  evidence  of  Josephson 
junctions  within  a  YBCO  single  crystal. 

In  this  experiment,  a  single  crystal  sample  was  first  biased  at  an  appropriate  current 
along  the  c-axis  so  that  a  small  voltage  can  develop  presumably  by  exceeding  a  local  critical 
current  Iq.  A  small  low-frequency  (f  ~  11  Hz)  modulating  magnetic  field,  h(t)  = 
hoSin(27tft),  was  then  applied  parallel  to  the  aZj-planes  to  induced  a  small  (a  few  nV)  time- 
dependent  voltage  at  the  modulating  frequency.  The  temperature,  the  bias-current,  and  the 
dc  magnetic  field  dependences  of  the  modulated  voltage  6V  were  then  investigated  for 
possible  existence  of  Josephson  junctions.  An  example  of  5V  as  a  function  of  temperature 
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is  shown  in  Fig.  5.1.  Numerous  peak  structures  of  both  positive  and  negative  polarities 
appear  below  the  onset  temperature  of  the  superconducting  transition  of  88  K  indicating  the 
possible  existence  of  Josephson  junctions.  If  the  sample  were  just  a  bulk  superconductor, 
only  a  single  peak  of  the  same  sign  as  the  current  would  occur.  One  might  attempt  to 
explain  these  structures  in  terms  of  several  layers  of  slightly  different  Tc's.  However,  the 
existence  of  some  negative  peaks  requires  something  other  than  just  layer  nonuniformity. 
Another  possible  explanation  is  that  the  sample  contains  layers  of  different  lo's.  We  have 
measured  5V  versus  bias  current  as  shown  in  Fig.  5.2.  It  does  show  multiple  structures 
indicative  of  several  Iq's.  However,  for  a  bulk  superconductor,  only  peaks  of  the  same 
sign  can  be  expected.  Actually,  these  structures  are  more  like  oscillations  than  peaks. 

One  way  to  search  for  Josephson  junctions  is  to  bias  a  sample  with  a  current  above 
lo  and  look  for  periodic  oscillations  in  the  voltage  as  a  function  of  the  dc  magnetic  field 
based  on  the  fact  that  Iq  is  an  oscillatory  function  of  magnetic  field.  In  III-D,  we  have 
described  a  sensitive  modulation  technique  which  is  capable  of  detecting  small  voltage 
changes  as  a  function  of  magnetic  field.  In  this  experiment,  a  dc  magnetic  field  is  applied 
parallel  to  the  a^?-planes  but  perpendicular  to  the  modulation  field.  The  purpose  of  a 
modulation  field  is  to  perturb  the  critical  current  for  detecting  a  voltage  signal  not  to 
modulate  the  dc  magnetic  field.  This  way  we  can  observed  the  oscillatory  dependence  of 
Io(H)  not  its  complicated  derivative  as  discussed  earlier.  Because  Iq  depends  on  both  the 
temperature  and  magnetic  field,  whether  periodic  oscillations  can  be  observed  in  a  6V-vs-H 
plot  depends  on  the  adjustments  of  temperature,  bias  current,  dc  magnetic  field,  and  the 
amplitude  of  the  modulating  field.  Roughly  speaking,  the  temperature  should  be  just  below 
Tc  where  the  strength  of  superconductivity  is  enough  to  produce  just  a  few  Josephson 
junctions  with  small  Iq's.  If  the  temperature  is  too  low,  too  many  junctions  may  be  formed 
to  complicate  the  results.  In  addition,  the  current  required  to  exceed  Iq  would  be  larger, 
resulting  in  excessive  Joule  heating.  Since  the  stability  of  the  temperature  near  80  K  is 
extremely  important  in  the  8V-vs-H  measurements,  the  sample  was  immersed  in  liquid 


oxygen  with  the  temperature  controlled  by  its  vapor  pressure.  Figures  5. 3-5. 7  show  a  set 
of  6V  versus  H  measurements  under  various  conditions.  Periodic  oscillations  are  clearly 
demonstrated.  Fig.  5.3  shows  that  the  observability  depends  on  the  choice  of  a  bias 
current.  Figures  5.4  and  5.5  show  that  the  field  periods  vary  with  temperature  becoming 
smaller  at  lower  temperatures.  Figure  5.6  shows  that  the  quality  of  data  is  affected  by  the 
choice  of  modulation  amplitude.  The  magnitude  of  the  signal  increases  with  the  amplitude 
of  h(t)  initially.  Finally,  under  an  optimal  condition,  a  6V-vs-H  pattern  not  only  shows 
regular  periodic  oscillations  but  also  reveals  symmetry/asymmetry  as  a  function  of  H  and  I. 
For  example.  Fig.  5.7  shows  that  small  regular  oscillations  are  an  even  function  of  H  with 
respect  to  the  point  at  H  =  0  while  the  larger  slow-varying  background  is  an  odd  function 
of  H  and  I,  separately.  When  both  H  and  I  change  the  signs,  5V  has  the  same  value.  We 
will  attempt  to  use  a  simple  model  to  qualitatively  describe  the  observed  experimental 
results. 

B.  Simple  Model  and  Discussions 

The  critical  current  Iq  of  a  Josephson  junction  is  generally  magnetic-field  dependent. 
Thus,  in  the  presence  of  a  time-dependent  modulation  field,  h(t),  the  induced  time- 
dependent  voltage  can  be  written  as  6V  =  (dV/dIo)6lo,  where  5lo  is  the  change  in  Iq  caused 
by  h(t).  Based  on  the  RSJ  model  (discussed  in  II-D  and  E),  V  =  ±R[P  - for  III  >  IIqI 
and  V  =  0  for  III  <  llgl,  respectively.  Thus 

RI 

8V  =  ?-^SI„(h(t)), 

VI  -lo 

where  the  -  /+  sign  corresponds  to  the  +!-  bias  current  I.  If  an  external  dc  magnetic  field  is 
applied  in  the  direction  perpendicular  to  h(t),  the  dc  magnetic  field  dependence  in  5V  is  due 
to  the  magnetic  field  dependence  of  lo- 

In  the  absence  of  a  self-field  effect  caused  by  the  bias  current  and  since  Iq  is  an  even 
function  of  H,  h(t)  should  provide  only  even  harmonics  in  Slo(h(t)).  However,  in  a  real 


Fig.  5.3  The  modulated  voltages  as  a  function  of  dc  magnetic  field  for  different  bias  current  levels  at 
79.71  K. 


modulated  voltages  as  a  function  of  dc  magnetic  field  at  various  temperatures 
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Fig.  5.5  The  modulated  voltages  as  a  function  of  dc  magnetic  field  at  various  temperatures  (79.7 1 
79.97  K). 


The  modulated  voltages  as  a  function  of  dc  magnetic  field  for  various  modulation  field 
amplitudes. 
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junction,  there  could  be  a  magnetic  field  associated  with  the  bias  current  resulting  in  an 
asymmetrical  Iq  vs  H  near  H  =  0  [104-108].  In  this  tatter  case,  5lo  <==  h(t),  hence  5V  oc  h(t). 
The  induced  time-dependent  voltage  can  be  detected  at  the  fundamental  frequency  by  a 
lock-in  detector.  Figure  5.6  shows  that  at  low  amplitudes,  the  magnitude  of  the 
fundamental  signal  is  indeed  proportional  to  the  amplitude  of  h(t).  The  bias  current  and  the 
dc  magnetic  field  dependences  come  from  the  prefactor  IqLI^  -  via  Iq  =  Io(H).  The 

oscillatory  patterns  in  the  5V-vs-H  plots  shown  in  Fig.  5. 3-5. 7  and  from  Io(H)  given  in 
Eq.  (2.28)  strongly  suggest  the  existence  of  Josephson  junctions  in  the  sample.  The 
prefactor  in  Eq.  (5.1)  also  predicts  that  the  quality  of  the  oscillatory  pattern  in  a  5V-vs-H 
plot  should  depend  on  the  choice  of  I.  For  a  collection  of  multiple  Josephson  junctions,  it  is 
unlikely  to  have  the  same  Iq  for  all  the  junctions.  Hence,  only  for  a  certain  range  of  I  can  a 
systematic  oscillatory  pattern  be  obtained.  This  is  indeed  demonstrated  in  Fig.  5.3. 

As  for  the  symmetry/asymmetry  observed  in  the  5V-vs-H  patterns,  we  suggest  that 
it  is  related  to  the  self  field  generated  by  the  bias  current.  As  was  mentioned  earlier,  without 
a  self-field  effect,  Io(H)  is  an  even  function  and  with  a  self-field  effect,  an  odd  function. 
Figure  5.3  shows  that  the  odd  function  behavior  becomes  more  pronounced  at  higher  bias 
currents  because  the  self  field  is  larger  for  a  larger  current. 

We  can  also  understand  the  symmetry/asymmetry  in  the  6V-vs-I  plots  as  follows. 
In  the  absence  of  an  external  magnetic  field,  Iq  sinijio  where  the  stationary  initial  phase  (jio 
is  Till  for  I  >  0  and  -  Till  for  I  <  0.  This  change  of  sign  in  lo  cancels  out  the  sign  change  in 
front  of  Eq.  (5.1),  making  6V  an  even  function  of  I  as  seen  in  Fig.  5.2.  In  the  presence  of 
H,  however,  the  phase  (])  becomes  spatially  dependent  and  the  total  critical  current  Iq  is  a 
function  of  H  given  by  Eq.  (2.28)  and  not  determined  by  I.  Hence  8V  changes  sign 
together  with  I,  making  it  an  asymmetrical  function  of  I  as  seen  in  Fig.  5.7,  where  6V 
(with  respect  to  the  point  at  H  =  0)  changes  sign  when  I  changes  sign. 

The  observed  oscillations  in  the  5V-vs-H  curves  are  strong  evidence  of  Josephson 
junctions  in  the  sample.  However,  it  can  not  unambiguously  tell  us  whether  they  are  single 
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junctions  in  series  or  some  arrangements  of  double-junction  interferometers.  Assume  first 
that  our  single  crystal  sample  consists  of  a  stack  of  single  junctions  in  series.  As  the 
temperature  is  lowered  below  Tc,  the  effective  width  of  the  junction  quickly  increases. 
Meanwhile,  since  the  thickness  of  each  layer  of  electrode  is  much  smaller  than  the 
penetration  depth,  the  magnetic  field  period  for  oscillations  should  be  inversely 
proportional  to  the  width  of  a  junction.  This  means  the  field  patterns  should  be  smaller  at 
the  lower  temperatures  as  seen  in  Figs.  5.4  and  5.5.  The  observed  field  period  is  typically 
1  G  when  a  systematic  oscillatory  pattern  is  obtained  (e.g.  Fig.  5.7).  Using  this  value  and 
1  mm,  the  width  of  our  single  crystal,  as  the  largest  possible  length  of  a  Josephson 
junction,  we  obtain  200  A  as  the  smallest  possible  thickness  of  one  Josephson  junction. 
This  is  larger  than  1 1.67  A,  the  length  of  one  unit  cell  of  YBa2Cu307.s  in  the  c-axis.  Thus, 
it  is  unlikely  that  the  observed  Josephson  junction  is  formed  by  a  unit  cell.  It  could  be 
formed  either  by  a  larger  unit  cell  of  a  superlattice  structure,  such  as  Y2Ba4Cu70i5.5  or  a 
stacking  fault  separating  a  few  unit  cells  of  YBa2Cu307.5.  The  other  possibility  is  that  two 
junctions  are  linked  by  a  superconducting  loop  to  form  an  interferometer.  Let  us  assume 
that  two  junctions  are  formed  near  the  edges  and  linked  by  the  top  and  the  bottom 
superconducting  surfaces.  From  a  material  standpoint,  this  is  a  reasonable  assumption 
because  if  a  single  crystal  is  not  fully  oxidized,  superconductivity  occurs  near  the  surface 
and  the  edges  first.  For  the  thickness  and  width  of  a  single  crystal,  0.1  mm  and  1.0  mm, 
respectively,  the  expected  field  period  is  2  x  lO’^  G  which  is  much  less  than  the  observed 
value.  Another  scenario  is  that  around  a  stacking  fault,  a  double-junction  interferometer  is 
formed  at  two  opposite  edges  and  they  are  linked  by  two  thin  layers  in  the  ab-plancs  to 
form  a  rectangular  loop.  Again,  for  a  loop  width  of  1  mm  and  field  period  of  1  G,  we  find 
the  loop  length  to  be  200  A.  Thus  a  double-junction  interferometer  and  a  single  junction 
formed  around  a  stacking  fault  are  both  possible.  However,  the  temperature  dependences 
would  be  opposite.  As  the  temperature  is  lowered,  the  junction  width  increases,  causing  the 


loop  area  to  decrease.  Hence,  we  expect  to  see  a  larger  field  period  at  a  lower  temperature. 
The  experimental  results  seem  to  be  just  the  opposite. 

In  summary,  a  simple  model  based  on  single  Josephson  Junctions  connected  in 
series  can  qualitatively  describe  most  of  the  observed  results. 


CHAPTER  VI 


CONCLUSIONS 

By  investigating  the  effects  of  microwaves  and  magnetic-fields  on  a  single  crystal 
of  YBa2Cu307.5,  we  have  found  evidence  suggesting  the  existence  of  Josephson  junctions 
within  a  single  crystal. 

In  the  microwave  experiments,  we  have  investigated  the  microwave  induced  dc 
voltages  in  a  YBCO  single  crystal  along  the  c-axis  with  or  without  a  dc  bias  current  by 
using  a  modulation  technique.  This  technique  allows  us  to  measure  the  microwave-related 
responses  without  any  background  signal.  The  most  striking  feature  of  this  experiment  is 
the  induced  dc  voltages  exhibit  an  oscillatory  behavior  with  both  positive  and  negative 
values  as  a  function  of  sample  position  with  respect  to  the  end  of  an  X-band  waveguide. 
For  the  case  in  which  a  single  crystal  sample  is  current-biased  along  its  c-axis,  the  induced 
voltages  are  most  likely  associated  with  the  Josephson  vortex  flow  generated  by  the 
microwave  H-field.  For  the  case  in  which  the  sample  is  unbiased,  the  induced  voltages, 
much  like  the  inverse  ac  Josephson  effect,  are  attributable  to  the  self-excitation  mode  which 
require  the  presence  of  both  the  E-  and  H-fields  of  the  microwaves.  The  observed 
phenomena  are  likely  related  to  the  Josephson  junctions  naturally  grown  in  a  YBCO  single 
crystal. 

We  have  also  demonstrated  that  a  YBCO  single  crystal  can  be  a  rather  sensitive 
radiation  detector  based  on  this  effect.  Since  the  voltage  response  to  the  incident  microwave 
power  is  proportional  to  the  dynamic  resistance  and  the  dynamic  resistance  has  a  maximum 
value  when  the  bias  current  reaches  the  critical  current  of  the  single  crystal  sample,  the 
responsivity  can  be  tuned  by  simply  changing  the  bias  current.  Our  equipment  has  a 
capability  of  detecting  the  radiation  power  as  small  as  6.7  x  lO'^^  W.  This  may  be  further 
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improved  by  stacking  many  single  crystals  in  series.  Additionally,  the  modulated  voltage 
versus  bias  current  near  the  transition  temperature  regime  provides  a  very  sensitive  way  of 
determining  the  superconducting  onset  temperature. 

In  the  magnetic-field  dependence  study,  the  magnetic-field  modulated  voltage 
change  is  measured  as  a  function  of  magnetic  field.  The  modulated  voltages  versus  dc 
magnetic  field  shows  an  oscillatory  behavior  similar  to  the  magnetic-field  interference 
patterns  associated  with  a  Josephson  junction  or  a  dc  SQUID.  This  result  strongly  suggests 
that  the  Josephson  Junctions  exist  within  a  YBCO  single  crystal.  The  observed  field  periods 
indicate  that  the  Josephson  junctions  are  unlikely  within  one  unit  cell  of  YBa2Cu307.5. 
They  are  probably  formed  at  the  stacking  faults  along  the  c-axis  within  a  YBCO  single 
crystal  sample  or  in  a  large  unit  cell  of  superlattice  structures,  such  as  Y2Ba4Cu70i5.5. 
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ABSTRACT 


AN  INVESTIGATION  OF  ELECTRODYNAMIC  PROPERTIES  OF  HIGH-Tc 
SUPERCONDUCTING  YBa2Cu307.5  SINGLE  CRYSTALS 
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Microwave  induced  dc  voltages  along  the  c-axis  with  or  without  a  dc  bias  current 
and  magnetic  interference  effects  in  YBCO  single  crystals  have  been  studied.  To  study  the 
microwave  induced  dc  voltages,  the  sample  was  mounted  near  the  end  of  an  X-band 
waveguide  such  that  the  microwave  H-field  is  in  the  a^?-planes  and  the  E-field  parallel  to  the 
c-axis  of  the  single  crystal  sample.  Since  the  maxima  of  E-  and  H-fields  of  the  microwaves 
are  separated  by  one  quarter  of  wavelength  near  the  end  of  the  waveguide,  the  single  crystal 
sample  can  be  coupled  to  the  E-  or  the  H-fields  of  the  microwaves  selectively  by  moving 
the  adjustable  end  near  the  end  of  the  waveguide.  Microwave  induced  dc  voltages  have 
been  studied  under  a  variety  of  conditions  including  various  sample  positions,  frequencies, 
bias  current  levels  and  media  such  as  liquid  oxygen,  liquid  nitrogen,  oxygen  gas  and 
nitrogen  gas.  With  a  dc  bias  current,  the  effect  is  larger  when  the  single  crystal  sample  is 
coupled  to  the  maximum  of  the  microwave  H-field,  suggesting  that  the  induced  dc  voltages 
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are  due  to  vortex  flow.  Without  a  dc  bias  current,  the  induced  dc  voltages  resemble  the 
inverse  ac  Josephson  effect  and  require  the  presence  of  both  the  E-  and  H-fields  of  the 
microwaves.  The  observed  phenomena  indicate  the  existence  of  multiple  Josephson 
junctions  inside  a  single  crystal  sample. 

For  the  magnetic  interference  measurements,  the  sample  was  biased  at  a  constant  dc 
current  in  the  c-axis  direction  such  that  a  small  dc  voltage  developed  and  then  a  dc  magnetic 
field  parallel  to  the  aZ^-planes  of  the  single  crystal  was  applied  to  search  for  an  effect.  Since 
the  change  in  the  voltage  signal  is  comparable  to  the  noise  level  of  the  nanovoltmeter,  a 
more  sensitive  technique  was  employed.  In  a  addition  to  a  dc  magnetic  field,  a  low- 
frequency  magnetic  field  perpendicular  to  the  dc  field  was  applied  to  modulate  the  critical 
current  of  the  sample.  Using  this  technique,  the  small  voltage  changes  as  a  function  of  dc 
magnetic  ^field  can  be  detected  at  modulation  frequency  by  a  lock-in  amplifier.  We  have 
observed  periodic  voltage  oscillations  as  a  function  of  the  applied  dc  magnetic  field  parallel 
the  ab-planes  of  a  YBa2Cu307.s  single  crystal  with  a  dc  bias  current  along  the  c-axis.  The 
modulated  voltage  versus  magnetic  field  patterns  are  similar  to  the  magnetic-field 
interference  patterns  associated  with  a  Josephson  junction  or  a  dc  SQUID,  strongly 
suggesting  that  Josephson  junctions  may  occur  naturally  in  YBa2Cu307.5  single  crystals. 

The  observed  field  periods  indicate  that  the  Josephson  junctions  are  probably  at  the 
stacking  faults  along  the  c-axis  within  a  single  crystal  sample  or  in  a  large  unit  cell  of 
superlattice  structures,  such  as  Y2Ba4Cu70i5.6. 
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